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VS30, the time-averaged 30-metre depth shear wave velocity (VS) for vertically-
propagating seismic shear waves, is among the most common parameters required
for characterising sites in the context of geotechnical earthquake engineering. Di-
rect measurement of VS30 requires invasive testing employing a geotechnical sound-
ing (either drilled borehole or a pushed sCPT [seismic cone penetration test]). In
recent years the use of indirect measurements (most commonly employing surface
waves, generated and measured at the ground surface) has come into common
practice for assessing VS30. Surface wave based methods require no soundings and
are thus less expensive than direct measurement, but are also subject to caveats
associated with the inherently inferential nature of surface wave data interpreta-
tion.
Regardless of the approach taken, obtaining high-quality VS30 measurements
in the field entails deployment of specialised equipment and personnel. There are
many situations where it is appealing to obtain VS30 estimates more cheaply by
means of statistical or geophysical inference. These include preliminary “desk-
top studies” performed by engineers in the very early phases of project planning
(when field budgets are low and precision is of relatively less importance than the
overall scope of potential project challenges), zoning for residential building codes
(when site-specific VS30 measurements are not economical), and ground motion
simulation research (when a geographically continuous VS30 estimate is needed
for applying simple empirical site amplification functions across large regions). In
these and other situations, there is a need for VS30 estimates that are less expensive
to obtain than field measurements, even at the expense of higher uncertainty. This
thesis comprises two distinct approaches to addressing this need. The first entails
using continuously-available spatial proxy variables (geology and terrain) to gen-
erate a statistically robust VS30 model in map form with values available across
the whole of New Zealand. The second is a geophysical approach to estimating
VS30 at strong motion stations using weak earthquake recordings.
In the first half of the thesis, a VS30 model is developed for New Zealand
as a weighted combination of a geology-based and a terrain-based model. The
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model consists of two maps at 100-metre grid resolution, one encoded with a VS30
estimate and the other with uncertainty quantified as lognormal standard devia-
tion (σ). A Bayesian updating process allows local VS30 measurements to control
model estimates where data exist, and uses model estimates developed for other
parts of the world where local data are sparse or nonexistent. Geostatistical inter-
polation is performed on the geology- and terrain-based models using local VS30
measurements to constrain the model in the vicinity of data. Conventional re-
gression kriging is compared with a flexible multivariate normal (MVN) approach
that allows for arbitrary assumptions regarding measurement uncertainty at each
data location. A modification to the covariance structure in the MVN application
allows for more realistic estimates by reducing undesirable extrapolation across
geologic boundaries. The results of kriging and MVN approaches are compared.
The geology- and terrain-based MVN models are combined to produce a final
model suitable for engineering applications. Validation is performed by compar-
ing the model predictions with the worldwide slope-based VS30 model developed
by Allen and Wald (2009).
In the second half of the thesis, VS30 is estimated at select New Zealand
strong motion stations (SMS) using a novel geophysical method relying on many
recordings of weak earthquakes. SMS with field VS30 measurements were selected
so that validation could be performed. The approach follows a number of re-
cent studies that have used the continuum mechanical solution for the arrival of
a P -wave at the surface of an elastic half-space to estimate shear wave velocity
VS near the surface using small earthquake recordings, and thence (via empirical
correlations) VS30. The approach requires as inputs the ratio of the radial and
vertical components of ground velocity ( U̇R
U̇Z
) during the first P -wave arrival, and
the ray parameter p. The latter is estimated using a regional-scale velocity model
simplified to a two-layer, one-dimensional profile, and finding the location of re-
fraction that minimizes travel time for the first arrival. In the present study the
so-called “P -wave method” is applied to strong motion stations in New Zealand
with VS30 measurements.
Since many stations have plentiful recordings of small earthquakes, a semi-
automated approach to ground motion processing is desired. A subset of ground
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motions are selected for manual examination and used as a benchmark for vali-
dation of automated pulse-picking methods. Since the P -wave method uses the
velocity (rather than acceleration) traces, baseline drift (nonzero local average ve-
locity owing to cumulative integration of high- and/or low-frequency noise) is an
issue. Automated methods for pulse-picking are effectively blind to baseline drift
and may yield meaningless results. Some previous studies have been applied in
relatively low-seismicity regions and hence the drift problem has been amenable to
manual processing or culling. In this study, some effort is dedicated to assessing
the degree to which an automated “local baseline correction” approach reduces
the quality of VS30 estimates by comparison with manual processing and culling,
and how this changes bias and variance.
Another avenue of investigation is the impact of one- versus two-dimensional
representations of the regional velocity profiles used to generate VS30 estimates.
The results indicate that if it is available, using a more detailed two-dimensional
“slice” representation yields a significant benefit in terms of precision and accuracy
of VS30 estimates. This is a unique contribution to the approach, although it can
only be applied in regions where sufficiently detailed regional-scale P -wave velocity
models are available.
Finally, some tentative investigations into the limitations of the P -wave method
are presented. These focus on the degree to which the real world departs from the
idealised representations assumed by the P -wave method, and how such departure
can be quantified using information at hand, such as surface topography and the
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1.1 Geotechnical Site Response and VS30
In geotechnical earthquake engineering, “site response” refers to the problem
of assessing the salient characteristics of a site of interest for civil engineering de-
sign, construction and/or hazard analysis. The site is generally considered on the
scale of at least tens and generally hundreds of metres in the vicinity of an existing
or hypothetical engineering structure that has experienced or will experience dy-
namic loading in an earthquake. The most important mechanical characteristic in
the context of earthquake loading is stiffness, as measured by elastic moduli. Since
stiffness can vary dramatically in different earth materials (i.e., soil is generally
softer/less stiff than rock), and since this has a dramatic effect on the frequency
content and amplitude of ground motion during an earthquake, the site response
problem is the primary challenge in geotechnical earthquake engineering research
and practice.
VS30 is the time-averaged shear wave velocity (VS) in the uppermost 30 metres
of the earth’s surface, assuming vertically-propagating waves. “Time-averaging”
means computing VS30 as the ratio of distance to travel time, i.e. 30mt30m . For a
site comprising n horizontal, laterally-extensive geologic layers from depth zero to
thirty metres, each layer having a height Hi and vertical shear wave velocity VSi ,
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Figure 1.1: VS30 is the time-averaged wave velocity (VS) for the uppermost 30 metres,
assuming vertically-propagating shear waves. It can be computed as the ratio of thirty
metres over the thirty-metre travel time.
VS can be represented as a piecewise-constant function of depth and the travel








VS30 is one of the most commonly used engineering parameters for assessing
the geotechnical softness or stiffness of a site for geotechnical earthquake engineer-
ing design and hazard analysis. VS30 cannot capture all salient information about
the site response problem. Other important considerations include the depth of
a soil deposit (all else being equal, a deeper site has a longer fundamental period
of vibration); the presence or absence of shear wave velocity reversals (geological
deposits where there is a departure from the typical tendency for VS to increase
monotonically with depth); basin effects (where the presence of lateral geological
discontinuities, such as in alluvial basins, precludes or limits the ability to use
simplified one-dimensional assumptions about site geology); and topographic ef-
fects (wherein the observed ground motions on hills and ridges are influenced by
their geometry) (Castellaro et al., 2008; Dobry et al., 2000; Steidl, 2000; Park and
Hashash, 2004; Lee and Trifunac, 2010).
Despite known limitations, VS30 is nevertheless a central component of the
2
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standard of practice in geotechnical earthquake engineering. It is used for site clas-
sification in design provisions such as (e.g.) Eurocode 8 (CEN, 1994), NZS1170.5
(King et al., 2004), and the NEHRP (National Earthquake Hazards Reduction
Program) guidelines (FEMA, 2003). These codes employ broadly similar clas-
sification schemes whereby sites are categorised primarily on the basis of VS30.
Although periodically revised and varying from place to place, these site classes
have generally been labeled alphabetically from A (hard rock) to E or F (soft
soil). Hard rock sites tend to transmit high frequency seismic waves well, while
softer sites often exhibit damping (energy dissipation) of higher-frequency seismic
waves while amplifying lower frequencies. All engineered structures can be char-
acterised as having a certain fundamental vibrational frequency, and a key aim of
earthquake engineering is avoiding resonance conditions. Seismic site classes thus
provide the parameters used by building codes to construct target seismic design
spectra representing the minimum seismic standards for which buildings must be
designed.
Some specific conditions such as liquefiable or organic soils occasionally gov-
ern design and result in an E or F designation irrespective of VS30—the intent
being to account for some of the aforementioned physical factors besides stiffness
that can impact site response. These situations frequently warrant a site-specific
study that takes into account a more sophisticated characterisation of local condi-
tions than site class alone. Still, in part because these other factors are challenging
to distill into simple “one-size-fits-all” criteria suitable for widespread adoption in
codified form, VS30 remains the primary determinant of site class designation and
is one of a few “must-have” parameters that is required at the earliest stages of a
proposed design.
1.2 Motivation
To summarise the preceding section, VS30 is a useful, albeit imperfect and
incomplete, metric for quantifying aspects of the site response problem. Its
3
CHAPTER 1. INTRODUCTION
widespread use and near-universal acceptance mean that it will remain a con-
vention in geotechnical earthquake engineering practice for the foreseeable future.
This thesis takes as a given that VS30 is both useful for, and limited in, engineering
application. The goals of the work presented herein are (a) improve engineering
practioners’ ability to estimate VS30 when measurements are not available and (b)
contribute to the state of knowledge about the estimation methods considered.
(Broader considerations, such as the well-understood limitations of the VS30 pa-
rameter, are beyond the scope of this work.) This section gives a brief summary
of approaches to obtaining VS30 in engineering practice in order to contextualise
and demonstrate the relevance of the remainder of the thesis.
1.2.1 Obtaining VS30 Values
VS30 can be measured directly (by deploying field personnel and equipment to
advance a geotechnical sounding to thirty metres’ depth), indirectly (by deploy-
ing personnel and equipment to estimate VS30 by observing waves at the ground
surface, without the expense of vertical soundings), or estimated via alterna-
tive methods such as examining correlations between VS30 and other information.
These three alternatives are introduced below in decreasing order of cost in order
to facilitate comparison, and thereby highlight both the utility and the limitations
of non-field-based measurements. This thesis is a compilation of non-field-based
approaches to estimating VS30. It will be shown that the issues impacting the
third alternative represent both a pressing need for engineering practitioners and
an opportunity for advancing the state of knowledge.
1.2.1.1 Direct Measurements
VS30 can be measured directly by inducing a vertically-propagating shear wave
and measuring the time to propagate to a location thirty metres vertically from the
wave source. Various approaches are available but direct measurement necessarily
entails the use of a source-receiver pair with a vertical separation distance of thirty
4
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metres and one of the two components located on the ground surface, with the
other directly below. The source is any mechanical means of creating a shear
wave. A typical source is a sledgehammer striking a block resting on the ground.
The receiver is an electromechanical device, such as a seismograph or geophone,
that can measure motion.
Wave speed is obtained as the ratio distancetime . Synchronisation between the
source and receiver is required for accurate measurement of travel time. This
is accomplished by using a “trigger” sensor to establish the moment of source
excitation (e.g., the moment a sledgehammer strikes a steel weight on the ground),
and connecting both source and receiver to the same multichannel seismic data
acquisition system. Travel time is obtained as the time lag between the “trigger”
source pulse and the first arriving pulse at the receiver.
Common techniques for measuring VS30 directly are summarised in more de-
tail in (e.g.) Woods (1978) and Robertson et al. (1986).
Owing to the costs associated with mobilising personnel and equipment for
drilling, VS30 is expensive to measure directly. Indeed, the 30-metre depth was
chosen somewhat arbitrarily because direct measurements are rarely available for
greater depths (Boore et al., 1997). In other words, the cost of drilling a 30-metre
borehole is on the higher end of the spectrum of costs associated with borehole
drilling using widely-available geotechnical drilling equipment.
There are routinely situations where a VS30 value is desired and an estimated
VS30 value is acceptable in lieu of a direct measurement for the task at hand (e.g.
for preliminary site classification or regional hazard analyses). To address this





Non-invasive methods employing geophysical techniques are widely used, hav-
ing been developed for the mining and petroleum sectors and adapted for use in
civil construction and earthquake engineering. The most common modern tech-
nique for earthquake engineering applications is the multichannel analysis of sur-
face waves (MASW) method (Park et al., 1999). Other common approaches are
passive arrays (Louie, 2001; Park and Miller, 2008; Okada, 2003) and the SASW
method (Nazarian and Stokoe II, 1984).
Noninvasive measurements are less expensive than borehole drilling, but still
require deployment of equipment and personnel to the site of interest and are
hence useful only in the context of specific projects where budgets allow.
1.2.1.3 Alternatives to Field Methods
Much greater generality is achieved by “desktop studies;” one typical ap-
proach is to identify widely-available proxy variables with sufficiently strong cor-
relations with VS30 to be useful. The most popular among these are surface
geology and slope (e.g. Wills et al., 2000; Perrin et al., 2015; Thompson and
Wald, 2012; Thompson et al., 2014; Wills and Clahan, 2006; Yong et al., 2012).
The outcomes of these studies generally included maps of entire regions with
continuously-available VS30 estimates derived from correlations. Finally, passive
observations from earthquake recordings at broadband seismometers have been
used by seismologists for studies of large-scale geologic discontinuities (e.g., the
Moho) via receiver functions (Ammon, 1997); these techniques have been more
recently adapted and investigated for the geotechnical site response problem (Li
et al., 2014; Ni et al., 2014).
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1.2.2 Geologic, geographic, and statistical details perti-
nent to non-field-based methods
Both the geology and geography of New Zealand are unique in the world
in several respects. Both of these have implications for the availability, quality
and utility of VS30 data in geotechnical earthquake engineering applications. As
an island nation, New Zealand’s separation from other larger land masses has
rendered precise dating of many geologic deposits in New Zealand challenging or
impossible (GNS Science, 2016). As it pertains to VS30 estimation via geologic
correlations (Chapter 2), this calls into question the validity of the assumption
that VS30 is broadly consistent across similar geologies. When VS30 data are not
available for a broad range of geologies locally, then some assumptions about
applicability of correlations developed in other regions must be made, and the
implications of these assumptions considered. The Bayesian approach is useful in
this regard, and in Chapter 2 a significant effort is made to explicate the utility
of Bayesian analysis and the assumptions embedded in the choice of priors and
updating parameters. As stated in the chapter, one of the benefits of a Bayesian
framework is that it allows models to be regenerated easily to incorporate new
data or statistical assumptions.
Another aspect in which New Zealand geology and geography pose inter-
esting and unique challenges for VS30 is the relatively sparse population density
of the country. Nearly eighty percent of the country is completely unpopulated
(as assessed on 1 km2 grid squares: Douglas-Clifford, 2017). The majority of
the population of New Zealand is clustered in the largest cities of Auckland,
Christchurch, and Wellington. Since site-specific studies and field measurements
of VS30 are generally only cost-effective for heavy civil construction projects, the
result is that high-quality VS30 data are heavily clustered in a relatively small
number of heavily-populated regions. Additionally, for historical reasons, cities
in New Zealand (as elsewhere) have historically often been founded on alluvial
geologic deposits because of the need for fertile farmland and grazing pastures,
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coastal access and fresh water supply, etc. The upshot is that available VS30 are
clustered geologically as well as geographically—again justifying the use of the
rigorous and flexible Bayesian statistical framework for assessing the statistical
properties of VS30 data. Similarly, the relative abundance of strong motion sta-
tions on relatively flat, laterally extensive alluvial deposits (e.g., Christchurch
city) opens the possibility of applying geophysical methods (such as the P -wave
method, Chapter 3), which rely upon simplified assumptions about the geometry
of near-surface deposits.
The P -wave method will be discussed further presently but here it is also
worth emphasising that it can be applied only at strong motion stations (SMS),
and in New Zealand not every SMS has an associated VS profile or VS30 value.
To date the most complete compilation of VS30 estimates and/or measurements
at SMS in New Zealand has been compiled by Kaiser et al. (2017). 497 stations
were reported with both VS30 values and a quality ranking from Q1 (best) to
Q3 (worst). Q3 stations comprised 424 of the stations or approximately 85% of
the total. VS30 from Q3 stations are reported as either being from “broad-scale
national VS30 maps [i.e., Perrin et al. (2015)] and/or estimates at site with poor
constraints.” The Perrin et al. (2015) map, on which many of the strong motion
station VS30 estimates are based, is in turn based upon geologists’ estimates with
relatively few physical measurements to constrain them. In recent years, following
the 2010-2011 Canterbury Earthquake Sequence, research efforts have sought to
improve the number and quality of available VS30 field measurements in cities
and/or at strong motion stations (e.g., Wood et al., 2017; Deschenes et al.,
2018; McGann et al., 2017), but many SMS subsurface profiles still need to be
characterised.
1.2.3 Summary
The aforementioned issues—namely the cost and paucity of field measure-
ments/estimates of VS30, and the various technical considerations applicable to the
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alternatives, including no small degree of judgment—comprise the primary impe-
tus for the research undertaken and reported in this thesis. The work presented
herein has been a continuation and extension of some of the efforts introduced
above for estimating VS30 in the absence of field measurements—namely the de-
velopment of maps for VS30 using proxy variables (Chapter 2) and the evaluation
of the methods proposed by Ni et al. (2014) for estimating VS30 using recordings of
many small earthquakes at seismic strong motion stations (Chapter 3). These two
approaches are distinct insofar as they employ unique methods relying on mostly
non-overlapping bodies of theory and observational data (the former employing
statistics to explicitly codify inferences about the correlations between VS30 and
various features of surface geology and topography and generate a VS30 map that is
continuous across New Zealand; the latter employing simple wave physics, weak
earthquake recordings, and a coarse three-dimensional regional velocity model
to obtain estimates of VS30 at discrete locations corresponding to strong motion
recording stations). They are closely related and comprise a cohesive work insofar
as their results both solve the same problem, namely the need to estimate VS30
and associated uncertainty in contexts for which field testing is too costly to be
performed.
1.3 Organisation
The introductory material above is intentionally brief, and intended to high-
light the motivation for this research in broad strokes rather than by way of a
comprehensive literature review. This is mainly for brevity, because each of these
major research efforts draws on an essentially unique body of background litera-
ture, and is prepared in a style ready for publication. Chapter 2 has already been
published in the journal Earthquake Spectra (Foster et al., 2019); Chapter 3 is in
preparation to be submitted later in 2021. Literature review for each of the two in-
vestigations is contained at the beginning of its respective chapter. The remainder
of this introduction briefly summarises the contents of Chapters 2, 3, and 4.
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After some comments on the project motivation and previous work, Chapter 2
presents a multi-stage workflow for developing a statistically robust nationwide
VS30 model. The model is first developed by subdividing a surface geology map of
New Zealand into several distinct geologic categories and assigning each a best-
estimate VS30 and corresponding lognormal uncertainty obtained from similar VS30
mapping projects in other regions. A similar approach is followed for a “terrain-
based” model, where “terrain” categories are calculated based on the statistical
properties of the digital elevation model (DEM) for New Zealand developed for ge-
omorphological classification and previously adopted by others for a coarse global
VS30 model. Bayesian statistics is applied to each of the geology- and terrain-based
VS30 models so as to make use of the available New Zealand VS30 measurements and
estimates in a statistically transparent and consistent manner. Finally, variogram
models are assumed based on the spatial autocorrelation of normalized residu-
als representing the mismatch between geology- and terrain-based VS30 models
and the underlying data; these variograms allow the application of geostatisti-
cal interpolation methods that reduce this mismatch in the final model. A novel
approach to handling inappropriate geostatistical extrapolation across the lateral
discontinuities between geologic units (where globally-derived spatial autocorrela-
tion trends tend to overestimate the smoothness of VS30 variation with horizontal
distance) is also presented. For each stage of the modelling process, a nationwide
continuous-coverage map representing VS30 estimates, and a corresponding map
representing model uncertainty, are produced. Appendices A, B, and C contain
supplemental information about the work in Chapter 2; these respectively provide
the VS30 measurements in tabular form, a complete listing of the unique pairings
between geology map metadata and the simplified geology categories used for
developing the VS30 model, and a more detailed presentation of the specific sta-
tistical assumptions driving the implementation of Bayesian updating in the VS30
mapping work. (Appendix B is very long and a link to an electronic version of
the table in CSV format is also provided).
In Chapter 3, the theory underlying the so-called “P -wave method” is sum-
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marised and some discussion about the derivation and solving of the equations for
VS and VS30 is provided. The considerations for selecting strong motion stations
and ground motion recordings for applying the P -wave method are explained.
Automated algorithms for computing signal-to-noise ratio (SNR) and performing
filtering and baseline correction are described. The approach for distilling avail-
able information from the New Zealand velocity model (NZVM) (Thomson et al.,
2020) into a simplified one-dimensional profile and the method of estimating the
ray parameter is described. A similar approach for generating more realistic two-
dimensional profiles is presented. The details of the processes for manual and
automated assessment of the H/V or U̇R
U̇Z
ratio, a necessary input to the P -wave
method that is obtained from ground motion recordings, are given. These include
manual and automated local baseline correction (LBC) strategies. The distribu-
tions of VS30 estimates derived from both the automated and manual LBC variants
are presented, alongside field measurements of VS30. The results from the two-
dimensional variation are introduced and are shown to yield superior estimates
to the 1-D approach. Some discussion focuses on the quality of VS30 estimates in
terms of both precision and accuracy, as a function of SNR. (This is especially
relevant for scenarios where there is no manual examination/culling of ground mo-
tion records and/or manual LBC). A nontrivial bias for low (near-vertical) takeoff
angle is presented and found to be consistent with others’ work. Finally, some
tentative investigations into non-ideal strong motion station sites and/or record-
ings are presented, with the goal of elucidating some physical interpretations of
unusual results. A brief discussion on solution of the fundamental equation for
VS (which contains a quadratic and yields two roots) is provided in Appendix D.
Appendix E gives information about an electronic file containing all event-station
pairs used in the P -wave method study, along with data such as computed SNR,
assumed refraction location and associated geometry for the one-dimensional case,
P -wave velocities, ray parameters, VSZ , and VS30. This information can be used
by others attempting to replicate aspects of this study or its methods.
In the concluding remarks (Chapter 4), some general comments are given on
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the outcomes presented in Chapters 2 and 3 and some suggestions for future work
provided.
1.3.1 Remark on intellectual integrity
A comment on intellectual integrity follows, since I (Kevin Foster) am not
listed as the sole author of the work in Chapter 2 as published in Earthquake
Spectra, nor will I be the sole author of the manuscript in Chapter 3 when it
is submitted for publication in a scholarly journal. As is conventional, I have
credited academic colleagues—supervisors and co-supervisors—as coauthors since
they have suggested the research topics and generously offered technical and edito-
rial guidance in their roles as mentors. Nevertheless, I am responsible for carrying
out all of the work presented herein, including the majority of the intellectual
input not attributed to other researchers in the citations given, with exceptions
as follows: Brendon Bradley advocated the use of the geostatistical interpola-
tion method which we have labeled the “MVN” (multivariate normal) approach
in Section 2.5 (instead of conventional regression kriging), as well as the deci-
sion to develop separate variograms for the geology- and terrain-based residuals
(Section 2.5.2). Brendon also suggested the asymptotic functional form for the
covariance reduction factor (Equation 2.6). While the use of the first person is
limited in the manuscripts, plural pronouns such as “we” or “our” (rather than
the singular “I,” “mine,” etc.) do appear in a few instances. The first person,
when it is used, is intended to emphasize that a subjective decision was made
to select one course of action among multiple alternatives, and/or to highlight
a choice’s uniqueness by comparison with previous work by others. The plural
forms of the pronouns are consistent with multiple coauthors in the already- or
soon-to-be-published manuscripts. Notwithstanding the occasional appearance of
a plural first person pronoun, the work presented is my own.
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Chapter 2
A VS30 Map for New Zealand
Based on Geologic and Terrain
Proxy Variables and Field
Measurements
Abstract
A time-averaged 30-meter depth shear wave velocity (Vs30) map is de-
veloped for New Zealand as a weighted combination of a geology-based and
a terrain-based model. A Bayesian updating process allows local Vs30 mea-
surements to control model estimates where data exist, and uses model esti-
mates developed for other parts of the world where local data are sparse or
nonexistent. Geostatistical interpolation is performed on the geology- and
terrain-based models using local Vs30 measurements to constrain the model
in the vicinity of data. Conventional regression kriging is compared with
a flexible multivariate normal (MVN) approach that allows for arbitrary
assumptions regarding measurement uncertainty at each data location. A
modification to the covariance structure in the MVN application allows for
more realistic estimates by reducing undesirable extrapolation across geo-
logic boundaries. The results of kriging and MVN approaches are compared.
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The geology- and terrain-based MVN models are combined to produce a
final model suitable for engineering applications. 100m resolution map out-
puts are publicly available.
This chapter is published as:
Foster, K. M., B. A. Bradley, C. R. McGann, and L. M. Wotherspoon (2019). A
VS30 Map for New Zealand based on Geologic and Terrain Proxy Variables and
Field Measurements, Earthquake Spectra 35(4), 1865-–1897.
2.1 Introduction
VS30, the time-averaged vertical shear wave velocity in uppermost 30 meters,
is widely used in earthquake engineering research and practice. Owing to the
expense and difficulty of measuring VS30 directly, recent work has been devoted
to developing VS30 models using VS30-correlated proxy data. The work presented
herein represents an attempt to incorporate the best recent practices for model-
ing VS30 (e.g., Yong et al. (2012); Thompson et al. (2014); Parker et al. (2017);
Ahdi et al. (2017b)) using both available proxy data and direct VS30 measure-
ments (with arbitrarily specified measurement uncertainty), within a statistical
framework that treats uncertainty as an essential model component and allows
consistent incremental improvements as new VS30 data are collected.
Others have applied methods similar to those presented here for mapping
VS30 by proxy methods, where continuous and readily available proxy data are
correlated with VS30 measurements and used for estimating VS30 in regions where
direct measurements have not been taken. Generally the proxy data include ge-
ology and topographic data. First studies from around the world are summarized
and then prior work in New Zealand (NZ) is highlighted, with a focus on the
additional contributions to be presented in the work herein.
Wills and Clahan (2006) developed a VS30 map for California based on sur-
face geology. Geology-based VS30 mapping is confounded by the fact that mapped
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geologic units are frequently less than 30 meters thick. Wills and Clahan (2006)
handled this problem for alluvial basins by assigning locations in California to
“shallow” or “deep” basin categories on the basis of areal extent: narrow valleys
and locations near to the base of steep mountains were assigned “shallow” cat-
egories whereas extensive basins were assigned “deep” status. Wills and Clahan
(2006) also separated alluvial units into fine, coarse and mixed/undifferentiated
bins for better VS30 discrimination. Wills and Gutierrez (2009) introduced a slope-
dependent component to VS30 modeling. Topographic slope is slightly correlated
with VS30, at least for soil deposits, owing to depositional characteristics. For
example, the size of particles dropping out of suspension in an alluvial deposi-
tional environment is correlated with flow velocity and, in turn, the slope of the
landscape. The range and complexity of surficial rock depositional mechanisms
renders this correlation virtually nonexistent for rock.
Building on the Wills and Clahan (2006) study, Thompson et al. (2014) de-
veloped a regional VS30 map for California that added topographic slope based
modifications (Wills and Gutierrez, 2009; Allen and Wald, 2007) to soil cate-
gories. Additionally, the well-known regression kriging approach was applied to
the mapping, bringing model predictions into agreement with measurements lo-
cally. The kriging uncertainty in this study can be evaluated alongside the model
predictions for a first-order, low-end assessment of expected disparity between
model and reality. Importantly, kriging uncertainty is entirely a product of mea-
surement locations and “globally” derived variogram, meaning that the mapped
uncertainty is not conditioned on individual geology-based polygons.
Lee and Tsai (2008) generated a VS30 map of Taiwan in a two-step process,
first generating a correlation-based model for VS30 using SPT (standard pene-
tration testing) blow counts, then applying this model to a larger dataset. The
resulting model was kriged. Wald et al. (2011) proposed a generalized frame-
work for VS30 mapping, recommending a hierarchal model with topographic slope
(being globally available) as the primary proxy variable, and generating individ-
ual linear slope-VS30 relations for significant geology groups. They demonstrated
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the method by producing a map of Taiwan and employing kriging to honor local
observations.
Vilanova et al. (2018) developed a VS30 map for Portugal based on geol-
ogy. Statistical testing was performed on candidate geologic units to optimize
discrimination. Spatial declustering methods were evaluated but found to have
non-negligible impact in only one of six candidate geologic units. After eliminat-
ing non-discrimating groups only three distinct geologic categories were used in
the final model.
Ahdi et al. developed geology- and topography-based VS30 models for Alaska
(Ahdi et al., 2017b) and the Pacific Northwest (Ahdi et al., 2017a). The methods
employed were similar to Thompson et al. (2014), although did not incorporate
any geostatistical methods. Ahdi reevaluated the geologic classification process,
and hence the final product employs geologic categories that are distinct and
generally more discriminating than the Thompson et al. (2014) categories. Parker
et al. (2017) developed VS30 estimates for Central and Eastern North America
(CENA) based on geology, topographic slope, and indicator variables to indicate
significant sedimentary basins and the extent of Wisconsin glaciation. Basins
and past glaciation were noted as having a strong correlation with observed VS30
values.
Yong et al. (2012) employed an automated, DEM (digital elevation model)-
based 16-category terrain classification scheme (Iwahashi and Pike, 2007) to the
problem of VS30 modeling. The terrain classification technique divides a map do-
main into bins based on slope, then subdivides each bin into further categories on
the basis of local convexity and a local roughness measure. The results were used
to generate worldwide VS30 maps. A later comprehensive review of proxy-based
VS30 measurements (Yong, 2016) examined the performance of this technique us-
ing newly available VS30 data in California. Another VS30 model for Taiwan (Kwok
et al., 2018) also used terrain-based classifications, as well as the more common
geology classifications, and combined the two models in a weighted fashion.
16
CHAPTER 2. A VS30 MAP FOR NEW ZEALAND BASED ON GEOLOGIC
AND TERRAIN PROXY VARIABLES AND FIELD MEASUREMENTS
In NZ, Cousins et al. (1996) compiled geotechnical site class estimates for all
strong-motion stations. The site class estimates were based on NZ Standards As-
sociation (1992). The geotechnical data used to develop these estimates, however,
was sparse and/or tentative at best (e.g. based on geologists’ estimates without
any invasive explorations). Most station information, moreover, was assumed
based on regional geology maps.
Destegul et al. (2009) developed a site amplification map for NZ based on ge-
ology maps. The map was then validated by comparing map polygons against 687
accelerograph locations where site class was available.1 This map was developed
before completion of the QMAP project (most recent all-NZ geologic map, GNS
Science, 2016) and therefore based on geologic data from several scales ranging
from 1:25,000 to 1:1,000,000. Destegul et al. (2009) also made pragmatic assump-
tions about the nature of soils confined in narrow valleys: class C was assigned
wherever “soil units were narrow and bounded on one or both sides by weak rock.”
Abrupt geologic transitions were “buffered” (e.g. by inserting a narrow region of
class C between polygons of classes B and D).
Perrin et al. (2015) published the first VS30 map for NZ by assigning NZS
1170.5 (King et al., 2004) site class categories using QMAP (GNS Science, 2016)
categories. The resulting map provided distinct ranges of VS30 corresponding to
the well-known site categorization scheme. The Perrin et al. (2015) map also
took steps to account for varying VS30 at the edge of geologic basins, applying
ad-hoc assumptions about lateral extents of basin edges and the dip angle of rock
beneath basins. Such decisions were fairly arbitrary by necessity; e.g., dip angle
assumption was driven in part by data resolution. The work drew extensively on
data for geology correlations with VS30 based on the detailed California data in
Borcherdt (1994).
1The method of site class assessment for these accelerograph locations in Destegul et al.
(2009) was unclear. The work is attributed to Cousins and is unpublished; it may be a contin-
uation of the Cousins et al. (1996) report wherein most site class estimates were derived from
geology maps.
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2.2 Approach and work flow
The present study incorporates many of the techniques applied by others
in the prior work discussed above including geology-, slope-, and terrain-based
proxy variables, and geostatistics for honoring local VS30 data. Our work builds
on these methods but additionally adheres to a Bayesian framework for unifying
first-order (prior) VS30 and uncertainty (σ) estimates gleaned from models for other
regions with field data in NZ. We also apply more advanced geostatistical methods
(Worden et al., 2018) than the typical regression kriging approach. Compared
with previous VS30 models for NZ which have only used geology proxy variables,
the present study adds slope and terrain proxy variables, Bayesian statistics and
geostatistics.
The work flow is summarized in Figure 2.1 with a box for each incremental
model developed. Every model assumes lognormal VS302 and is therefore com-
pletely specified by two maps, a median VS30 map and a lognormal standard
deviation (σ) map.
A geology-based model is generated by generating a simplified geologic map
with categories consistent with Ahdi et al. (2017b) and applying their VS30 es-
timates from Alaska. A terrain-based model is developed based on DEM-based
“terrain categories,” derived from first-order properties of the DEM (local slope,
convexity and texture) (Iwahashi and Pike, 2007). Terrain categories are gener-
ated for NZ and assigned VS30 values using the terrain-based estimates of Yong
et al. (2012). Each of these two “prior” models are updated with VS30 data for NZ
in a standard Bayesian framework with lognormal conjugate priors and unknown
standard deviation (Gelman et al., 2014, section 3.3) . The geology-based model
is modified to incorporate weak correlations between topographic slope and VS30,
2The assumption of lognormal distributions when modeling VS30 is so widespread and gener-
ally accepted that explanations for this choice are virtually nonexistent in the literature. Expert
opinion generally defers to two justifications for this choice: (1) It works (i.e., sufficiently large
collections of VS30 measurements can be described fairly well by a lognormal distribution, irre-
spective of other factors such as subsetting by region or geology); and (2) lognormal distributions
do not allow for negative values, which ensures consistency with the laws of physics.
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Figure 2.1: Relationships among various model components. Arrows indicate
incremental model refinements.
similarly to Thompson et al. (2014); Ahdi et al. (2017b); Parker et al. (2017).
Sample variograms are generated using the residuals corresponding to each
of the two constituent models, and theoretical variograms are fitted for forward
prediction. Two geostatistical interpolation methods are applied to each of the
constituent models: conventional regression kriging (RK) and a multivariate ap-
proach (Worden et al., 2018) (“MVN”) with a novel additional contribution to
automatically and intuitively reduce undesired extrapolation across geologic dis-
continuities. Finally, a “weighted” model is generated as a statistically weighted
combination of the MVN models.
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2.3 Data sources
The information sources used for model development include a NZ geologic
map, topographic map, and VS30 data, as described below.
2.3.1 Surface geology and topographic data
The geologic map, also referred to as QMAP (“quarter-million” for the map
scale), is a recent compilation of existing surface geologic maps for regions across
NZ (GNS Science, 2016). The data is in vector form, with coordinates indicating
each corner of approximately 55,000 polygons, each with several metadata fields.
Geologic boundaries (polygon edges) are accurate to ±250 meters. The topo-
graphic data source is a digital elevation model (DEM) developed by LRIS NZ
(Landcare Research New Zealand, 2010; Barringer et al., 2002) and is available
at 25m resolution. We use the DEM resampled to more manageable 100m and
270m resolutions for the terrain and slope proxy variables, respectively.
2.3.2 VS30 data
VS30 data are from three datasets as shown in Figure 2.2: Kaiser et al. (2017);
McGann et al. (2017) and a compilation of recent surface-wave-based field inves-
tigations in Canterbury. The word “data,” as opposed to “measurements,” is
deliberate; most VS30 input data are not from direct measurements. The most
striking feature of Figure 2.2 is the lack of data over most of the country; this is
in part because much of New Zealand is sparsely populated which has obviated
the need for VS30 measurements in most areas. The following paragraphs describe
each dataset in turn, followed by the assumed measurement uncertainties. A
complete tabular listing of input VS30 data is provided in Appendix A.
Kaiser et al. (2017) compiled a list of VS30 values and/or estimates for NZ
strong motion stations. Along with VS30 measurements, qualitative quality rank-
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ings (ranging from Q1=best to Q3=worst) were provided for each station. Q1 data
include both well-constrained surface wave-based methods and invasive methods.
Q2 data may be based on well-established local correlations, similar nearby sites,
and/or well-constrained near-surface VS profiles that do not necessarily reach 30m
depth. Q3 values are based solely on estimates, either from preexisting national
scale maps (Perrin et al., 2015) or from geologists’ estimates. We do not use Q3
data for VS30 modeling here. (Most seismic stations’ VS30 estimates are in cat-
egory Q3 and hence not shown in Figure 2.2). A number of possible duplicate
observations were encountered in the Kaiser et al. (2017) dataset, so a preliminary
screening was implemented where duplicates (identified as VS30 points within two
meters of another observation) were removed.
McGann et al. (2017) used CPT (cone penetration testing) correlation-derived
VS30 values (McGann et al., 2015) to produce a regional VS30 map for the Christchurch
area. For our purposes these data were too numerous (by comparison with the
data available for the rest of NZ), and without downsizing would overwhelm the
impact of data elsewhere. Accordingly, the McGann et al. (2017) data were re-
sampled from 7,402 points to 280 points by overlaying a 1km grid and selecting
the nearest McGann data point to each gridpoint (Figure 2.2). This decision was
arbitrary but reasonable for the goals of the model development.
The “surface waves” dataset refers to a compilation of VS30 data from several
surface wave analysis-based site investigations performed following the 2010-2011
Canterbury earthquake sequence (Cox et al., 2011; Wood et al., 2011; Wother-
spoon et al., 2013; Van Houtte et al., 2014; Wotherspoon et al., 2016; Wood et al.,
2017; Teague et al., 2018). Cox et al. (2011) compiled a rapid preliminary report
of surface wave testing (MASW) performed in Christchurch after the 2010-2011
earthquake sequence along with inverted site profiles from which VS30 estimates
were obtained. Wood et al. (2011) and Wotherspoon et al. (2013) performed
passive and active surface wave testing at 13 strong motion stations in and near
Christchurch city to obtain VS profiles from which VS30 were obtained. VS30 val-
ues reported in Wood et al. (2011) have been adjusted in the present work based
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Figure 2.2: (a) Data locations for all of NZ and (b) inset showing Canterbury region
for detail. McGann et al. (2017) data were downsampled based on closest proximity to
an arbitrary 1km grid (white circles). Data labeled “Surface wave” (cyan circles)
comprise several Canterbury-area surface wave investigations enumerated in the text.
The majority of Kaiser et al. (2017) are “Q3” and are not used herein. Kaiser et al.
(2017) Q2 (medium quality) and Q1 (highest quality) data are shown as blue and
yellow squares, respectively.
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on updated analysis of the dispersion curves. Van Houtte et al. (2014) used VS30
values for seven hard sites in an investigation about the role of local seismic atten-
uation (κ). The sites’ VS30 were inferred from surface wave-based methods using
frequencies ≥ 14 Hz, meaning that VS30 profiles could not be developed down to
30m and assumptions were used. Wotherspoon et al. (2016) report seven VS30
values derived from surface wave based site VS profiles measured in conjunction
with work by Cox et al. (2014). Deschenes et al. (2018) provide these seven plus
two additional VS profiles. Wood et al. (2017) evaluated liquefaction case histo-
ries at a number of sites with well-characterized VS profiles obtained from surface
wave based methods. Not all VS30 profiles extended to 30m depth; in a few cases
where the profiles were within a few meters of 30m, Wotherspoon (pers. comm.)
extended the profiles for VS30 estimates. Teague et al. (2018) developed VS profiles
at 14 Christchurch sites with deep and complex interbedded geology. Many can-
didate profiles were generated from the experimental dispersion curves to study
epistemic uncertainty associated with the inversions.
2.3.3 Measurement uncertainty (σmeas.)
In the subsequent VS30 model development we use measurement uncertainty
quantified as σmeas., assuming lognormal distributions. Kaiser et al. (2017) give
approximate subjective uncertainty quantities of 10% and 20% for Q1 and Q2
data respectively. Accordingly, we assigned lognormal standard deviations for
measurement uncertainty (σmeas.) of 0.1 and 0.2 respectively. All other data are
assigned σmeas. = 0.2. These uncertainties are broadly consistent with both the
uncertainties provided by Kaiser et al. (2017), and with the general findings of
Moss (2008) for VS30 determined from surface wave-based measurements and ge-
ology correlations.
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2.4 Geology- and terrain-based models
The development of the geology- and terrain-based models (in the context of
Figure 2.1) is summarized in Figures 2.3 and 2.4 (VS30 and σ, respectively). The
individual maps/panes shown in these figures are recalled and discussed in detail
in the subsequent subsections as they arise. These maps show only the Canter-
bury region for clarity; the models for all of NZ are available in the electronic
supplement.
2.4.1 Geology-based prior model
To assign geology-based median VS30 and uncertainty estimates, all map lo-
cations first need to be assigned one of a finite number of geologic categories,
“flattening” the multidimensional textual metadata underlying the geology map
into a simpler, “one-dimensional” map (Figure 2.5a). The geology categories of
Ahdi et al. (2017a,b) are selected so that direct comparisons can be made, for
straightforward Bayesian updating, and because the geology categories chosen by
Ahdi are more specific and discriminating than in many similar studies (and hence
more flexible for our application). Ahdi et al. generated VS30 maps for the Pacific
Northwest region of North America (2017a) and Alaska (2017b). The categories
are enumerated in Table 2.1.
The 18 geology categories of Ahdi et al. are followed with two exceptions.
Firstly, groups 2 and 3 (Fraser river) are discarded because of their regional ge-
ologic specificity. Secondly, groups 7 and 13 (fine and coarse floodplain deposits,
respectively) are merged because of the difficulty in distinguishing between the
two on the basis of the NZ surface geology metadata. Group 7 is not populated,
and all floodplain deposits are lumped together into category 13. Merging these
categories is likely more appropriate than retaining the fine/coarse distinction,
even if it were practical: Wills and Gutierrez (2009) discuss the reasons that
grain size at the ground surface is not generally correlated with grain size over the
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Figure 2.3: Illustrative regional (Canterbury) VS30 maps for various stages of model
development: (a) Prior geology model; (b) prior terrain model; (c) posterior geology
model with slope-based adjustment; (d) posterior terrain model. Comparison of prior
to posterior models: (e) ratio of pane (c) to pane (a); (f) ratio of pane (d) to pane (b).
Point overlays in panes (c) and (d) show VS30 measurements used for updating.
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Figure 2.4: σ (sigma) maps for various stages of model development: (a) Prior geology
model; (b) prior terrain model; (c) posterior geology model with slope-based
adjustment; (d) posterior terrain model. Comparison of prior to posterior models: (e)
difference between panes (c) and (a); (f) difference between panes (d) and (b).
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Figure 2.5: (a) Map of geology categories from Ahdi et al. (2017) as applied to NZ.
(b) Map of terrain categories from Iwahashi and Pike (2007) as applied to NZ. Terrain
colors are selected for direct comparison with Yong et al. (2012).
entire uppermost 30 meters for young alluvial deposits, meaning that for these
depositional environments, little or no correlation is expected between fine and
coarse surface deposits.
The categorization process is implemented using primarily text-based search.
Extensive and iterative examination of the metadata fields is performed manually,
and five metadata categories are chosen based on the richness of information they
carry related to VS30. A complete listing of every unique combination of the five
metadata categories and the chosen Ahdi et al. (2017b) category is provided in
Appendix B. The first-order geology-based VS30 model—using VS30 and σ values
from Ahdi et al. (2017b)—is shown in Figure 2.3a (VS30) and 2.4a (σ). The values
assigned to these models correspond to the “prior” columns in Table 2.1.
27
CHAPTER 2. A VS30 MAP FOR NEW ZEALAND BASED ON GEOLOGIC
AND TERRAIN PROXY VARIABLES AND FIELD MEASUREMENTS
2.4.2 Terrain-based prior model
Iwahashi and Pike (2007) proposed a method of using a DEM to automat-
ically generate a map of terrain categories that roughly correlate with surface
geology and/or geomorphology. The method relies on successive discrimination
based upon three spatial fields, respectively: topographic slope, local convexity,
and texture. The approach follows a “nested-means” logic (i.e. the categories are
divided first on the basis of comparing local slope to mean slope for the entire
map domain, then subdivided by convexity and texture respectively.) It can be
used to generate terrain classes comprised of 8, 12, or 16 unique categories, with
12- and 16-class discrimination achieved by repeated subdivision of the regions
with low topographic slope. We followed Yong et al. (2012) in choosing the 16-
category implementation; this decision is justified presently in the context of the
Bayesian updating step. One advantage of the Iwahashi and Pike (2007) method
(in contrast to other similar classification schemes) is that it is “unsupervised,”
i.e. no decisions need be made regarding the values (slope, convexity, texture)
defining boundaries between terrain classes. One downside of the approach is
that these boundary values are based on computing the mean for the map do-
main, yielding different maps for different domains. This restriction implies that
application-specific calibrations are important.
We generated rasters for the Iwahashi and Pike (2007) categories in NZ using
the DEM resampled at 100 meters (our final target map resolution).3 By contrast,
the worldwide classification by Iwahashi and Pike (2007) used the 1 km resolution
Shuttle Radar Topography Mission digital elevation model (SRTM30 DEM) (Farr
et al., 2007). Because of both the DEM resolution and the domain-dependent na-
ture of the algorithm, our categories do not precisely match the Iwahashi and
Pike (2007) SRTM30-derived categories for NZ. We expect this to be of triv-
ial consequence, both because of the roughly scale-invariant (fractal) features of
3The resolution of the final product is not 100m in the strictest sense, but in a "neighborhood
average" sense. Slope and convexity are both computed for a 9-cell moving window, and texture
is computed using a 10-cell radius.
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landforms, and because of subsequent reductions in epistemic uncertainty owing
to the Bayesian updating process in the next step (i.e. the application-specific
calibration).
The newly generated 100m-resolution terrain category map is shown in Figure
2.5(b). The Iwahashi and Pike (2007) categories are listed with short descriptions
(borrowed directly from Yong et al., 2012) in Table 2.2. It must be emphasized
that these are mnemonic labels affixed to quantities that are purely statistical
in nature; the labels do not carry strong geologic meaning. VS30 and σ values
from Yong et al. (2012) (see “prior” columns in Table 2.2) are assigned to their
corresponding categories from Figure 2.5(b), analogously to the geology-based
model, to produce the prior terrain-based model (Figures 2.3b and 2.4b).
Table 2.1: Geology categories with n=number of observations per category, and prior
and posterior (slope-adjusted) VS30 and σ values for each.
VS30 (m/s) σ
ID Description n (pri.) (post.) (pri.) (post.)
G01 peat 9 161 163 0.52 0.30
G04 artificial fill 11 198 273 0.31 0.28
G05 fluvial & estuarine deposits 11 239 200 0.87 0.44
G06 alluvium & valley sediments 25 323 271 0.36 0.24
G08 lacustrine (incl. glaciolacustrine) 0 326 326 0.14 0.50
G09 beach, bar, dune deposits 70 339 204 0.65 0.23
G10 fan deposits 5 360 247 0.34 0.34
G11 loess 4 376 473 0.38 0.35
G12 glacigenic sediments (drift & outwash) 0 399 399 0.30 0.50
G13 flood deposits 252 448 197 0.43 0.20
G14 glacial moraines & till 0 453 453 0.51 0.51
G15 undifferentiated sediments & sedimentary rocks 0 455 455 0.55 0.55
G16 terrace deposits & old alluvium 2 458 335 0.76 0.60
G17 volcanic rocks & deposits 0 635 635 0.99 0.99
G18 crystalline rocks (igneous & metamorphic) 4 750 691 0.64 0.45
2.4.3 Bayesian updating using NZ data
This section describes the development of posterior models as shown in the
second row of Figure 2.1. Among the desirable aspects of Bayesian analysis are
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Table 2.2: Terrain categories with n=number of observations per category, and prior
and posterior (slope-adjusted) VS30 and σ values for each.
VS30 (m/s) σ
ID Description n (pri.) (post.) (pri.) (post.)
T01 Well dissected alpine summits, mountains, etc. 0 519 519 0.35 0.50
T02 Large volcano, high block plateaus, etc. 0 393 393 0.42 0.50
T03 Well dissected, low mountains, etc. 0 547 547 0.47 0.50
T04 Volcanic fan, foot slope of high block plateaus, etc. 0 459 459 0.35 0.50
T05 Dissected plateaus, etc. 2 402 324 0.31 0.41
T06 Basalt lava plain, glaciated plateau, etc. 7 345 301 0.28 0.31
T07 Moderately eroded mountains, lava flow, etc. 3 388 536 0.42 0.38
T08 Desert alluvial slope, volcanic fan, etc. 3 374 515 0.32 0.38
T09 Well eroded plain of weak rocks, etc. 4 497 284 0.35 0.36
T10 Valley, till plain, etc. 6 349 317 0.28 0.33
T11 Eroded plain of weak rocks, etc. 2 328 267 0.27 0.40
T12 Desert plain, delta plain, etc. 0 297 297 0.29 0.50
T13 Incised terrace, etc. 15 500 217 0.50 0.25
T14 Eroded alluvial fan, till plain, etc. 8 209 242 0.17 0.31
T15 Dune, incised terrace, etc. 166 363 199 0.28 0.21
T16 Fluvial plain, alluvial fan, low-lying flat plains, etc. 170 246 202 0.22 0.21
its amenability to simple verbal descriptions, its agnosticism of the distinction
between subjective beliefs and objective data (allowing for a crude “better-than-
nothing” formulation of prior beliefs encoded as wide or noninformative prior
distributions), and its tendency to demand an explicit accounting of all statistical
assumptions being made. Thorough discussions of the semantics of Bayesian the-
ory and analysis are found in D’Agostini (2003); McElreath (2015). In this work
Bayesian updating is performed on both the geology- and terrain-based models
presented in the previous section. Since Bayesian updating is intuitive, the up-
dating is described here at a high level first. The next section discusses some
important implementation details.
2.4.3.1 Bayesian updating summary
To facilitate comparison with the prior, the ratio of the posterior to prior
models’ VS30 estimates is presented in Figure 2.3 (e,f).4 The greatest changes
4Panes c and e in Figure 2.3 refer to the posterior geology with slope modification, discussed
subsequently; this is nearly the same as the posterior geology without slope modification which is
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to the geology model resulting from the updating process are in the floodplain
deposits (group 13) beneath Christchurch city, where VS30 data are abundant and
generally lower than for the comparable soil units from Ahdi et al. (2017b) in
Alaska. The σ maps corresponding to the posterior geology- and terrain-based
models are shown in Figures 2.4c and 2.4d.
The median and standard deviation of each group’s prior and posterior VS30
distributions are concisely summarized alongside the data in Figure 2.6 (geology)
and 2.7 (terrain). Here the gray circles represent the NZ VS30 data and are plotted
with transparency and a small horizontal “jitter” to reduce overplotting. The red
markers and lines to the left of each group indicate the prior model median and
+/- 1 standard deviation. The blue markers and lines to the right of each group
represent the posterior model median and +/- 1 standard deviation. The prior
and posterior median (VS30) and standard deviation (σ) correspond to the VS30
and σ values in the maps in Figures 2.3 and 2.4.
The general behavior illustrated in Figures 2.6 and 2.7 can be summarized as
follows: If the prior model and the data are in stark disagreement, the posterior
model predicts a “compromise” between the data and prior, and a larger posterior
σ reflects this underlying uncertainty. By contrast, if the NZ VS30 data are tightly
clustered around the prior prediction, the posterior σ will tend to be lower than
the prior σ to reflect the additional confidence conferred on the model by the data.
This can be seen in Figure 2.4 (e and f). While much of the map area is negative
(indicating a reduction in uncertainty from the prior to posterior models), not
every category shows a reduced σ. These are categories where NZ data were
sparse, and/or not in good agreement with the prior VS30 values from Ahdi et al.
(2017b) and/or Yong et al. (2012).
The primary difference between panes e and f in Figures 2.3 and 2.4 is the
lower absolute value in pane f of both figures. This shows that prior distributions
were—at least in the Canterbury region—in better agreement with NZ data for
the terrain-based (Yong et al., 2012) VS30 model than for the geology-based (Ahdi
omitted to save space. The difference between the two is trivial enough to disregard momentarily.
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Figure 2.6: Bayesian updating for geology-based model. The colored symbols and lines
represent median and +/- 1 standard deviation for lognormal prior (left, red “×”) and
posterior (right, blue “◦”) distributions. The prior is based on Ahdi et al. (2017b).
The minimum σ = 0.5 criterion is noticeable for groups G08 and G12. Gray dots

































































Figure 2.7: Bayesian updating for terrain-based model. The colored symbols and lines
represent median and +/- 1 standard deviation for lognormal prior (left, red “×”) and
posterior (right, blue “◦”) distributions. The prior is based on Yong et al. (2012). The
minimum σ = 0.5 criterion is noticeable for groups T01, T02, T03, T04, and T12.
Gray dots represent data used for updating.
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et al., 2017b) model. This might suggest that the geology of California is more
similar to NZ than the geology of Alaska. Alternately, or additionally, it might
simply demonstrate that terrain-based VS30 estimation is inherently less subjective
than geology-based estimation.
In the course of developing the terrain-based model, the question arises as to
whether the 16-category implementation of Iwahashi and Pike (2007) is superior
to the 12- or 8-category options. In particular, there is the concern of whether or
not a 16-category-model is “overfitting” available data by comparison with a com-
parable 12- or 8-category model. We decided to use 16 categories for two reasons.
First, this choice simplifies the updating process. Because Yong et al. (2012) used
16 categories, deviating from this choice would require us to “lump” the Yong
categories together, introducing another form of epistemic uncertainty related to
the categories’ spatial distributions and sampling distributions in California and
NZ. The second reason for using 16 categories is that it offers the best predictive
power given the quantity of data available and its distribution across terrain cat-
egories. The motivation for using less than 16 categories would arise only if the
8- and 12-category schemes result in fewer sparsely populated categories. But on
the contrary, this is not the case. The Iwahashi and Pike (2007) categories are
numbered in order of decreasing topographic slope, and—due to various clustering
influences already discussed—the steep categories (generally mountainous/rocky)
tend to be more sparsely populated than the shallow categories (generally low-
lying/soil). The result of the interaction of these various statistical biases is that
the 16-category implementation gives superior discrimination in flatter regions,
where VS30 data are plentiful, without “splitting” the data within any bins that
are sparsely populated in the 8- or 12-category versions.
2.4.3.2 Bayesian implementation details
The preceding section presented the Bayesian updating process at a high level;
this section contains details of the implementation that are useful for replicating
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our model development, including our application-specific implementation choices.
This discussion adheres to the notation in Gelman et al. (2014, pp. 67-69).
The updating presumes normally distributed data (i.e. ln(VS30) is normal)
with a conjugate prior distribution and unknown variance (σ2). Two application-
specific decisions are included in the discussion below. The first relates to the
relative weighting between the prior and the data; the second relates to an arbi-
trary minimum threshold σ applied before the updating process in order to avoid
overfitting caused by clustered observational data.
A transformation of variables is required to perform lognormal updating using
the procedure for normal distributions from Gelman et al. (2014). Each lognormal
distribution is completely specified by µ (the mean of ln VS30) and σ (lognormal
standard deviation). σ is updated assuming a scaled inverse-chi-squared (Inv-χ2)
marginal posterior density.
As discussed, prior distributions are selected for each group using the µ and
σ values reported in Ahdi et al. (2017b) for Alaska and in Yong et al. (2012)
for California (Tables 2.1 and 2.2, respectively). That is to say, we view the
conclusions of Ahdi et al. (2017b); Yong et al. (2012) (and VS30 data from Alaska
and California) as sound bases for first-order estimates of VS30 in NZ, given no
other data.
For brevity we have relegated a summary of the mathematical implementation
(Gelman et al., 2014) of the approach to Appendix C. In our implementation we
made application-specific assumptions about the relative weighting between the
prior and data. These assumptions are reflected in the choice of initial values for
the integer-valued counter variables ν0 and κ0 (we set νi = κi which is common
but not required.) In Gelman et al. (2014) κ0 = ν0 represent the “number of
observations” contained in the prior. Quotation marks are used to emphasize
that the prior is not generally a uniform dataset but may be a degree of belief
or a combination of qualitative and quantitative elements. The meaning of κ0
and ν0 is a step removed from reality: these parameters do not reflect the process
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applied by Ahdi et al. (2017b) in its entirety, nor do they directly represent the
number of physical VS30 measurements in their work. (Indeed, the clustering of
VS30 data may mean that unique values of κ0 and ν0 should be chosen for each
geologic group, but this is not explored further.) In any case, the choice of κ0 and
ν0 represents a subjective decision about the appropriateness of applying Ahdi
et al. (2017b) models in a NZ context. This “appropriateness” reflects issues of
an epistemic nature such as (e.g.) the quality of VS30 data used in the prior
study, the authors’ choices of geologic grouping criteria, the degree to which NZ
and California geologic deposits are essentially similar or different, and regional
or discipline-specific differences in the naming and classification of deposits by
various geologists.
We choose κ0 = ν0 = 3 for this application. A geologic category with n = 3
datapoints in NZ would therefore give a posterior distribution based on equal
weighting between the data and the prior distribution. Considering the available
data, this choice yields a reasonable compromise between the prior distributions
and the data (Figures 2.6 and 2.7).
A second application-specific decision is made regarding the σ values in the
priors. Given that the observational data are sparse and clustered, there is the
risk that posterior σ is artificially low because of the influence of clustered VS30
data when the data may not be representative of the entire map domain. To
address this, we impose an arbitrary minimum value of 0.5 (natural log scale)
on the model priors before applying the updating algorithm. The intent of this
threshold σ constraint is to avoid overfitting in categories where VS30 data are few,
but of similar value (e.g. terrain category T05 in Figure 2.7). The results of this
can be seen in category groupings that are poorly constrained, such as in geology
groups G08 and G12 in Figure 2.6, as well as terrain groups T01 through T05 and
T12 in Figure 2.7. (Prior distributions shown are those from Tables 2.1 and 2.2;
the minimum σ = 0.5 modification is only visible in the posterior distributions).
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2.4.4 Topographic slope-based modification to posterior
geology model
Following Thompson et al. (2014); Ahdi et al. (2017b); Parker et al. (2017),
the geology-based VS30 model can be refined by capturing any slope-dependence
in the observed VS30 of the various geologic groupings. To examine the slope-
VS30 correlations, VS30 values were plotted against topographic slope, computed
(Horn, 1981) at both 9 and 30 arcsecond resolutions for direct comparison with
Thompson et al. (2014).5 Thompson and Wald (2012) found that the correlations
associated with the coarser 30-arcsecond resolution were slightly better than for 9
arcseconds, and Thompson et al. (2014) postulated that this might arise because
of spurious elevation correlations from nongeomorphic features (vegetation and
built infrastructure) resolved at the finer resolution in California. By contrast, in
NZ the finer resolution correlations are the same or slightly better than those for
the coarser resolution, and we postulate that the scale of NZ’s built environment
is unlikely to impact these correlations in the same way as (e.g.) California. Our
slope-VS30 correlation is based on 9-arcsecond slopes.
Figure 2.8 shows the correlations of 9 arcsecond (270m) slope with VS30 for
four geology groups. Standard least-squares fitting and likelihood testing yield lin-
ear relationships along with the ±2 standard deviations (95% confidence) bounds
shown as dotted lines. Only the geology groups with definitively positive trends
are shown, and only these groups are selected for slope-dependent modification
(i.e. the remaining geology groups are modeled with no slope dependence).
The limits of the linear fits in Figure 2.8 are shown in Table 2.3. These upper
and lower slope (∇) limits were selected to define continuous piecewise-linear
5Actual resolutions of the 9 and 30 arcsecond maps are about 270 and 900 meters respec-
tively; north-south arc-seconds and east-west arc-seconds are not similar in NZ.
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Figure 2.8: Slope dependence of geology-based VS30 model. Slope resolved from 9
arcsecond (∼270m) digital elevation model. Only the four geology categories with
positive trends are shown. Dotted lines indicate ±2 standard deviations (95%
confidence bounds) on slope fit.
functions (after log transformation) defined by (∇0, VS30,0) and (∇1, VS30,1):
ln VS30 =










∇0 <∇ ≤ ∇1
ln VS30,1 ∇1 <∇
(2.1)
from which any value of slope yields a single VS30 value that is constrained not to
extrapolate beyond the range of observed data. A more sophisticated approach
might use logistic curves rather than piecewise-linear, and might expend more
effort in determining whether the highest and lowest observed slopes are the “best”
places to define the inflection points of the function, but we view our approach as
simple, objective and effective.
Table 2.3: Slope adjustment details for categories G04, G05, G06, G09.
ID ∇0 ∇1 VS30,0 VS30,1 σf(∇)
G04 0.0141 0.0596 242 418 0.14
G05 0.0020 0.0452 171 228 0.31
G06 0.0004 0.1316 252 275 0.24
G09 0.0003 0.1171 183 239 0.22
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Figure 2.9: Ratio of slope+geology model (Figure 2.3c) to posterior geology model
(not shown) median estimates. Note the small range on the graphic scale indicating
much smaller model change by comparison with the posterior geology update.
In Bayesian parlance the application of slope correlations to the model is
another instance of “updating,” where a model is improved based on the use of
data that were not accounted for beforehand. The posterior VS30 predictions are
given by the piecewise-linear trends.
The results of slope-based correction represent a small change from the pos-
terior geology model (by comparison with the prior geology model; compare σ
values in Table 2.3 to those in Table 2.1). The slope-based VS30 and σ maps are
visually indistinguishable from the posterior geology model, so only the log of the
ratio of the two models’ median VS30 predictions is presented here (Figure 2.9).
The slope-updated geology model is shown in Figure 2.3c (VS30) and Figure 2.4c
(σ). Hereafter, we refer to this model as simply the “geology-based” model.
2.4.5 Comparing geology- and terrain-based models
Quantitative comparisons of the two posterior model predictions are pre-
sented in Figures 2.10 (mapped prediction comparison for all NZ) and 2.11 (per-
datapoint residual comparison). In the map-based prediction (Figure 2.10), it is
evident that the places where the models disagree most (e.g., the volcanic Taupo &
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Figure 2.10: Map comparing median VS30 for posterior geology- and terrain-based
models. The Taupo and Rotorua region (boxed) is an example of a region with unique
interaction between the geology- and terrain-based categories that may merit
prioritization for future field investigations.
Rotorua area in central North Island, indicated by a box in Figure 2.10) are places
characterized by unique surface geology and geomorphology, and where there is
consequently a unique pairing of geology and terrain categories. The model can
benefit from data in these locations.
Figure 2.11 shows normalized geology and terrain model residuals ζ,
ζi =
ln VS30obs.,i − ln VS30pred.,i
σi
(2.2)
on the x- and y-axes respectively. σi values correspond to the values in Figure 2.4
(c and d). The residuals are roughly symmetrically scattered across the 1:1 line,
suggesting that there is no systematic advantage of the geology-based model over
the terrain-based model, or vice-versa, after Bayesian updating. Coloring of the
points is by measured VS30 and highlights some biases in individual categories,
particularly rock categories which are poorly represented.
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Figure 2.11: Scatterplot comparing VS30 residuals for posterior geology- and
terrain-based models. Colored by VS30.
2.5 Geostatistics application to posterior mod-
els
The geology and terrain models developed in the previous section predict
VS30 as functions of surface geology, local topographic slope, and/or terrain proxy
variables. A shortcoming of these models is that they do not offer improved
predictions in the vicinity of existing measurements. The tool for addressing this
issue is geostatistics. Two geostatistical approaches are applied to the geology
and terrain models in this section. The first and simpler of the two is regression
kriging (RK). The second is the so-called “multivariate normal” (MVN) method
(Worden et al., 2018). Both methods are presented and discussed for comparative
purposes; the MVN approach is ultimately chosen as the superior method for
reasons discussed presently.
In the following sections, first a concise review is given of the broad as-
pects of geostatistical approaches, wherein quantifiable geospatial phenomena are
modeled as stationary random processes, and the parameterization (i.e. vari-
ance and autocorrelation) of the stationary random processes are inferred from
variogram analysis. Next the aspects of the MVN approach that depart from
kriging, and its advantages for this work, are highlighted. Aspects of variogram
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and correlation function selection are discussed in the context of the VS30 map.
The results of applying both RK and MVN are presented. The problem of in-
terpolating/extrapolating residuals for a lognormal process such as VS30, which
can result in unreasonably high VS30 estimates in some situations, is discussed.
Finally, we present two unique approaches we implemented to ameliorate these
issues in a more-or-less automated way that requires few subjective decisions for
implementation.
2.5.1 Preliminaries
This discussion follows notation from Diggle and Ribeiro (2007). The most
common assumption underlying geostatistical methods is that spatial fluctua-
tions in an earth science system (e.g. VS30) can be modeled as a Gaussian
random process, S(x), a 2-dimensional function wherein a set of observations
S(x1, . . .xn) for n locations x1, . . .xn is assumed to be drawn from a multi-
variate Gaussian (normal) distribution. A Gaussian random process is defined
completely by its mean function µ(x) = E[S(x)] and its covariance function
γ(x,x′) = Cov{S(x), S(x′)}. If the mean is constant and the covariance structure
is formulated solely as a function of distance (i.e. µ(x) = µ and γ(x,x′) = γ(u)
where u = x − x′), then the process is known as the special case of a sta-
tionary random function (SRF). Usually SRF are also assumed isotropic, i.e.
γ(u) = γ(||u||) = γ(u) where || · || designates Euclidean distance. The variance
of an SRF is constant: σ2 = γ(0). Hereafter we discuss only functions of scalar u
rather than vector difference u as our application assumes isotropy as is typical
for regional applications (e.g. Thompson et al., 2014).
For the stationary case, the variogram function is an alternative representa-
tion of the covariance function: V (x,x′) = 12Var{S(x) − S(x
′)}. This reduces
to V (u) = σ2{1 − ρ(u)}, where ρ(u) = γ(u)
σ2
is the correlation function, again for
the stationary case. The correlation function is 1 for u = 0 (for the typical ap-
plication where the nonspatial component of randomness is zero) and decreases
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monotonically to approach zero asymptotically with increasing u.
The variogram is useful for both for interpreting observed spatial processes,
and for generating predictions using models with SRF. The formulation above is
known as the theoretical variogram. For using observational data to parameter-
ize a geostatistical model, the sample variogram or empirical variogram can be
obtained and then used to guide selection of the theoretical variogram. Obser-
vational data Y are assumed to be of the form Yi = S(xi) + Zi, where Zi are
mutually independent and identically distributed with zero mean and variance





and the functional form for fitting a theoretical variogram is
VY (u) = τ 2 + σ2{1− ρ(u)}. (2.4)
This formulation is more general than the one introduced above, with the addition
of the τ 2 term.
The intercept, τ 2, is known as the nugget variance. It represents the non-
spatial component of randomness in the process—requiring a dual interpretation
of physical meaning, which we discuss presently to contrast conventional kriging
with MVN. σ2 is the signal variance. The asymptotic value, τ 2 + σ2, is known
as the sill and is the variance of the observed process Y (x). For the common
special case of τ 2 = 0 the sill is equivalent to the signal variance. The range of
the variogram is the distance u beyond which there is no change in V (u).
2.5.2 Empirical variograms
Two theoretical variograms, one each for the geology- and terrain-based mod-
els, are selected by fitting to empirical data. One of the simplest and most common
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functional forms is chosen for the theoretical variograms, the exponential model
V (u) = exp(−u
φ
) (2.5)
where φ, the range or shape parameter, has units of distance. The practical
range, the value of u for which ρ(u) = 0.05, is approximately 3φ (Diggle and
Ribeiro, 2007).
The empirical variograms here are produced with normalized residuals (ζi,
Equation 2.2) in lieu of observations S(xi) above. Normalization ensures ho-
moscedacity of the residuals (e.g., Jayaram and Baker, 2009) which is necessary
to ensure the geostatistical assumption of Gaussian stationarity.
Because of the highly clustered nature of the available VS30 data, we explore
several subsets of the data to assess the sensitivity of the fitted theoretical vari-
ogram to the data underlying the empirical variogram. The selection of subsets
is motivated by a hypothesis that the large scale and relative spatial uniformity
of the Canterbury plains—the largest alluvial deposit in NZ—may yield a vari-
ogram with a range that is longer than appropriate for other geographic regions.
Thus we examine subsets with various degrees of exclusion of Christchurch and/or
Canterbury VS30 data. These are summarized in Table 2.4.
Table 2.4: Data subsets used for variogram fitting.
Subset Description n Weighting
GS1 Kaiser et al. (2017) Q1 & Q2; no Canterbury data 49 0.5
GS2 Kaiser et al. (2017) Q1 & Q2 and surface-wave-based data 127 0.25
GS3 McGann et al. (2017) data, (resampled to 1km) 266 0.25
TS1 Same as GS1 but with terrain categories T15 & T16 removed 29 0.5
TS2 Same as GS2 but with terrain categories T15 & T16 removed 42 0.5
Preliminary examination of the empirical variograms led us to conclude that
the geology model yielded fairly “well-behaved” variograms while the terrain
model variograms were considerably less smooth. We postulated that since the
geology model incorporates continuously varying slope correction functions for a
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Figure 2.12: Theoretical variogram selection for (a) geology- and (b) terrain-based
models.
few hand-selected geologic categories, whereas the terrain model subdivides re-
gions based on discrete slope bins using the Iwahashi and Pike (2007) method,
the latter might be showing some arbitrary stochasticity in the pairwise empirical
variogram ordinates, particularly in categories T15 & T16 (which are the most
prevalent in the Canterbury plains and other wide alluvial basins). The terrain
subsets were modified by removing all points from terrain categories T15 & T16
and the resulting theoretical fits were improved.
The final selections for the geology- and terrain-based model variograms are
summarized in Figure 2.12. For each of the five subsets, a logarithmically-spaced
binning scheme was chosen and pairwise variogram ordinates were averaged within
each bin to generate an unbiased estimator of the theoretical variogram. 95% con-
fidence intervals obtained by bootstrapping are shown for each bin. The judgment-
based weighting factors shown in Table 2.4 were used to fit one final exponential
variogram each to the geology- and terrain-based models by weighted least-squares
minimization (Pebesma, 2014). Notably, inspection of the plots reveals that the
variogram is fairly insensitive to the data subsetting schemes we evaluated. The
effective ranges for the geology and terrain variograms are 4.2 and 3.0 km, respec-
tively. We note that since the variograms are calibrated to the normalized model
residuals their differences are not necessarily attributable to physical meaning.
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2.5.3 Kriging
“Predicting” unobserved values of a spatial process on the basis of geostatis-
tics entails interpolating the observed values with interpolation weights derived
from the variogram, and assuming that the mean of the process tracks the ob-
served values. This process is known as kriging. Regression kriging (RK, e.g.
Thompson et al., 2014) is an approach that makes the stationarity assumption
useful for a wider variety of problems where the model mean µ = µ(x) and is not
constant across the problem domain. For RK, consistent with variogram develop-
ment, the kriging is done on normalized observation residuals, ζi, assuming that
the residual surface is the mean surface of a SRF.
The kriged geology- and terrain-based VS30 maps are shown in Figure 2.13.
While the new VS30 estimates appear reasonable in general, we wish to highlight
one location where this is not the case, a datapoint in Rakaia (identified by a
box in Figure 2.13a). Here the geology model predicts unrealistically high VS30
values because a high-valued observation (presumably reflective of loess deposits,
category G11) appears to be located near a geologic boundary on a lower-valued
polygon (G06 or G13) yielding a higher normalized residual than may be appropri-
ate. The smoothed residual surface is multiplicative rather than additive, owing
to the lognormal assumption, and consequently exerts a great influence over the
area. (A tiny region in the vicinity of this error is colored gray indicating the color
scale is “clipped,” i.e. the model predicts a median VS30 in excess of 1000 m/s.)
This issue is exemplary of geostatistical problems that may occur wherever
observational data happen to be located on the “wrong side” of a high contrast
geologic boundary (between cemented loess and unconsolidated sediments in this
example, or between rock and soil generally). In the next section we propose a
novel method of handling such errors that is effective at reducing undesirable cross-
boundary extrapolation in lieu of the time-consuming and subjective alternative
approach (i.e. manually identifying and relocating problematic observations or
map boundaries wherever this issue arises).
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Figure 2.13: The kriged VS30 maps for the (a) geology- and (b) terrain-based models.
An example of potentially inappropriate extrapolation across geologic boundaries is
visible in the Rakaia area (boxed).
The kriged uncertainty (σ) maps are shown in Figure 2.14 and, as expected,
approach zero near measurements because the nugget of the variogram is zero.
The “background” σ, in regions where there are no nearby observations, reverts
to the input σ (i.e. Figure 2.4).
The kriged residual in Figure 2.14 suggests that the baseline model may
systematically underpredict VS30 in the Canterbury plains, west of Christchurch
city. This is not unexpected; in the simplified geology categories (Figure 2.5a)
there is no discrimination between the surface geology beneath Christchurch and in
the plains to the west. But the geology of the coastal basin consists of interbedded
layers from alternating deposits of river/alluvial and marine deposits which may
suggest that surface geology alone (presuming it is representative of less than
30m depth) is inadequate as a proxy for VS30. This dilemma with young alluvial
deposits is common for VS30 estimates that rely on surface geology (e.g. Wills and
Gutierrez, 2009).
Related to this issue is the dominance of the Christchurch city data. An alter-
native approach would be to generate another model by choosing sparser sampling
distance for the Christchurch data and thereby decreasing the weight accorded to
urban data. Ultimately this decision represents a tradeoff that should be informed
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Figure 2.14: The kriged σ maps for the (a) geology and (b) terrain-based models.
Lower uncertainty corresponds to locations of VS30 data (Figure 2.2).
by application. Our view is that VS30 data density is generally correlated with
population density for good reason, and that for engineering applications it is ac-
ceptable to allow data to drive the model, irrespective of the unavoidable spatial
clustering.
2.5.4 MVN (Multivariate Normal) method
Worden et al. (2018) present a more generalized geostatistical approach than
kriging, which we refer to as the “multivariate normal” (MVN) method. The
primary advantage of this method in our work (compared with RK) is that it
allows for assumptions about measurement uncertainty to be applied on a location-
by-location basis.
In conventional kriging, if the nonspatial component of variance—the nugget—
is zero, then the interpolated mean surface is constrained so as to match the
observational values at their respective locations. A nonzero nugget means the
interpolated surface need not honor the data precisely. The nonzero nugget has
a dual physical meaning: On the one hand, the tendency of the modeled system
to exhibit spatial discontinuities; and on the other hand, measurement uncer-
tainty. In practice these causes are rarely disentangled, because many collocated
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measurements would be required. A nonzero nugget in the variogram is formally
equivalent to modeling the measurement process as a Gaussian spatial process
with a discontinuity at the origin of the correlation function. But importantly, in
conventional kriging, a nonzero nugget is the same across the problem domain.
By contrast, in the MVN approach, explicit assumptions about measurement un-
certainty are enforced via “correlation adjustment factors” that can be assigned to
measurements on an individual basis. The output σ can be different at different
data points, in accordance with the respective input measurement uncertainties.
Correspondingly, individual observations exert a “pull” on the interpolated sur-
face that is inversely correlated with measurement uncertainty. The variogram
nugget is thus effectively localized for data from different sources. (The MVN
results reduce to being equivalent to the kriging results with zero nugget for the
special case where all measurement uncertainties are set to zero).
We assigned each input datum a lognormal measurement uncertainty, σmeas..
These values were chosen following the discussion in Section 2.3 and are tabulated
in the electronic supplement. Assigning σmeas. is not trivial or objective (e.g.,
McElreath, 2015). However, given that measurement uncertainty is a “nuisance
parameter” in the parlance of Gelman et al. (2014, pp. 63-64), it is intuitive to
expect that the chosen value of σmeas. becomes insignificant in regions of dense data
(e.g. Christchurch city) and therefore impacts the model most strongly in regions
with little data. Moreover, this framework allows for future model refinements on
the basis of more and better observational data.
2.5.4.1 Correcting overpredictions from cross-boundary extrapolation
The issue of “cross-boundary extrapolation” was discussed earlier as it per-
tains to regression kriging. Here we propose a novel solution that entails modifying
the correlation function ρ(u) for every unique pairwise combination of locations in
the problem domain. Toward this end, a coefficient is introduced, the “covariance
reduction factor” (CRF) with a value between 0 and 1. The CRF is a function of
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the “difference” between two points of interest. Qualitatively, in this context “dif-
ference” implies the appropriateness in general of assuming nonzero correlation
between two locations, irrespective of their separation distance. Quantitatively,
0 ≤ CRF ≤ 1.
A proxy variable needs to be selected for choosing CRF given two locations,
x1 and x2. We chose the ratio of the two corresponding model VS30 predictions,
since this reflects the most pertinent information contained in both the geology-
and terrain-based models. Alternatives could be chosen, for example the ratio of
slopes alone, or a more complex assessment of the geologic map. The function for






which ensures CRF = 1 for VS301 = VS302 with exponential decay as the ratio of
the baseline VS30 estimates decreases. We selected a = 1.5 based on the heuristic
that the decay function ought to yield CRF ≈ 0.1 (i.e. almost no correlation) for
the ratio VS301
VS302
≈ 5; see Figure 2.15. This corresponds to an arbitrary reference
hypothetical where VS301 = 1000m/s and VS302 = 200m/s, i.e. “rock” and “soil.”
This heuristic is necessarily arbitrary and reflects an intuition about the com-
plexity of geologic processes that depart from idealized assumptions underlying
geostatistical methods. While there are alternative approaches to representing
this complexity, the proposed method appears to handle the issues well globally
and relies on the selection of only a single parameter. This is desirable for up-
dating the model in a more or less automated fashion in the future, as additional
data are incorporated into the model.
To apply the above modification to the MVN method, CRF is computed in
accordance with Equation 2.6. Then Equation 7 from Worden et al. (2018) is
adjusted by defining a modified correlation coefficient:
ρ′YiYj = ρYiYj CRFYiYj (2.7)
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Figure 2.15: Several example covariance reduction functions.
2.5.4.2 Results
The result of the covariance-weighted MVN applications are presented in
Figure 2.16. The ratios of Figure 2.16 to the regression kriging models (Figure
2.13) are shown in Figure 2.17. σ for the covariance-weighted MVN model is
shown in Figure 2.18.
Three items are noteworthy in comparing the performance of the RK and
MVN methods (Figure 2.17):
1. In regions where data are dense, such as Christchurch city, the models yield
virtually the same predictions. The collocation of many VS30 datapoints
results in a smoothing effect whose details are largely unchanged by the
addition of measurement uncertainty.
2. In regions where data are sparse, such as the rural Canterbury plains, the
models are slightly different in the vicinity of data because of the way RK
and MVN differ in handling measurement uncertainty. The baseline VS30
estimate (geology or terrain model) has no effect at the precise location of
an observation for RK, whereas the observation and baseline model estimates
are combined in the MVN method, with the proportional influence being a
function of the assumed measurement uncertainty.
3. The localized overprediction in the Rakaia area, noted previously, has been
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Figure 2.16: Covariance-adjusted MVN model VS30 estimates for (a) geology- and (b)
terrain-based models. The overprediction noted in the regression kriging (Rakaia area,
Figure 2.13) is eliminated.
resolved by the MVN method. The different degrees of covariance applied
across the geologic boundaries in this area are clear in Figure 2.17(a).
2.6 Merging geology & terrain models
To summarize the preceding discussion, the MVN method is more general
and more statistically sound than regression kriging because it allows pointwise
assignment of measurement uncertainty, albeit at the expense of longer compu-
tation time. The “covariance reduction” method proposed above is a transparent
and automated way of handling potentially misleading extrapolation of normalized
residuals across geologic boundaries. Consequently we present the MVN model
versions as superior to the more conventional regression kriging results. In this
section we combine the geology- and terrain-based models into a final model.
Having conditioned each constituent model on available data, and applied
geostatistical interpolation, we see no reason to favor one model over the other
and assign each a weighting of 0.5. The decision to weight the two models equally,
rather than favoring one over the other, is motivated by the assumption that
51
CHAPTER 2. A VS30 MAP FOR NEW ZEALAND BASED ON GEOLOGIC
AND TERRAIN PROXY VARIABLES AND FIELD MEASUREMENTS
Figure 2.17: Covariance-adjusted MVN model VS30 predictions compared with
regression kriging (RK) predictions for (a) geology- and (b) terrain-based models.
Figure 2.18: Covariance-adjusted MVN model σ for (a) geology- and (b) terrain-based
models.
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aspects of the geology- and terrain-based approaches are mutually complementary.
For example, the geology categories can convey information pertaining to VS30
that may not be readily discriminated by the terrain categories, but the terrain
data are more spatially uniform, less subject to human interpretation, and may
indicate finer detail in local VS30 variations and/or more accurate velocity contrast
boundaries, particularly in areas where the geology map is derived from digitizing
older regional-scale maps.








where in general ∑iwi = 1 and in the present application (combining two equally-
weighted models), n = 2, w1 = w2 = 0.5. The combining of uncertainty represents
a “mixture problem:” If the constituent models predict similar VS30 and have small
σ then the resulting σ is a compromise between the two input σ values. On the
other hand if the two models predict significantly different VS30 values then the











where again n = 2, w1 = w2 = 0.5. Once more, this is functionally equivalent
to Bayesian updating with equal weighting of “prior” (geology-based model) and
“data” (terrain-based model) (e.g., McElreath, 2015). The weighted, final model
median VS30 estimate and lognormal σ are presented in Figure 2.19.
2.7 Conclusion
A VS30 model for NZ has been developed. The salient features of the model
include a fine (100m) resolution; making use of both geology and terrain covari-
ates; a consistent, local VS30 data inclusion via transparent and readily updateable
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Figure 2.19: (a) VS30 and (b) σ for the final weighted model.
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Bayesian framework; lognormal standard deviations alongside median VS30 esti-
mates; and a novel modification to the MVN method (Worden et al., 2018) that
reduces covariance for observation-prediction pairs that cross geologic/geomorphic
boundaries, yielding heuristically sensible VS30 estimates near these boundaries.
The model represents an improvement over recent VS30 models for New Zealand
which have used geology proxy variables but have not quantified uncertainty or
employed geostatistical methods.
The model can be updated relatively easily and it is expected that recent field
work performed in Nelson, Auckland and Wellington will be incorporated into an
incremental update in the near future.
The code repository for this work is available on GitHub at https://github.com/
fostergeotech/Vs30_NZ.
2.8 Data and Resources
All data used in this paper came from published sources listed in the refer-
ences, with the exception of the VS30 values from Wood et al. (2011) which, as
noted previously, have been adjusted in the present work based on review of the
dispersion curve interpretation which is unpublished. The tabulated VS30 values
in the electronic supplement corresponding to the Wood et al. (2011) work are
not the same as the original published work.
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Validation of VS30 Estimation
Using the “P -wave Method” at
Strong Motion Stations in New
Zealand
Abstract
Recent studies have used the continuum mechanical solution for the ar-
rival of a P -wave at the surface of an elastic half-space to estimate shear
wave velocity VS near the surface using small earthquake recordings, and
thence (via empirical correlations) VS30. This approach requires as inputs
the ratio of the radial and vertical components of ground velocity ( U̇R
U̇Z
)
during the first P -wave arrival, and the ray parameter p. The latter is
estimated using a regional-scale velocity model simplified to a two-layer,
one-dimensional profile, and finding the location of refraction that min-
imizes travel time for the first arrival. In the present study the so-called
“P -wave method” is applied to strong motion stations in New Zealand with
VS30 measurements.
Since many stations have plentiful recordings of small earthquakes, a
semi-automated approach to ground motion processing is desired. A sub-
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set of ground motions are selected for manual examination and used as a
benchmark for validation of automated pulse-picking methods. Since the
P -wave method uses the velocity (rather than acceleration) traces, base-
line drift (nonzero local average velocity owing to cumulative integration
of high- and/or low-frequency noise) is an issue. Automated methods for
pulse-picking are effectively blind to baseline drift and may yield mean-
ingless results. Some previous studies have been applied in relatively low-
seismicity regions and hence the drift problem has been amenable to manual
processing or culling. In this study, some effort is dedicated to assessing the
degree to which an automated “local baseline correction” approach reduces
the quality of VS30 estimates by comparison with manual processing and
culling, and how this changes bias and variance.
Another avenue of investigation is the impact of one- versus two-dimensional
representations of the regional velocity profiles used to generate VS30 esti-
mates. We demonstrate that if it is available, using a more detailed two-
dimensional “slice” representation yields a significant benefit in terms of
precision and accuracy of VS30 estimates. This is a unique contribution to
the approach, although it can only be applied in regions where sufficiently
detailed regional-scale P -wave velocity models are available.
Finally, some tentative investigations into the limitations of the P -wave
method are presented. These focus on the degree to which the real world
departs from the idealised representations assumed by the P -wave method,
and how such departure can be quantified using information at hand, such
as surface topography and the phase characteristics of the first radial and
vertical wave arrivals. These investigations are rendered inconclusive by
the small number of strong motion stations in New Zealand with VS30 mea-
surements for validating the P -wave method.
3.1 Introduction
The ratio of horizontal to vertical (H/V) components of ground motions (both
ambient noise and weak earthquake records) has been used widely to obtain sim-
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ple characterization of, or place constraints on, the near-surface elastic parameters
of soil (P -wave velocity VP and shear wave velocity VS). This approach has gen-
erally used the frequency-dependent ratio obtained from long duration recordings
of ambient noise and assumed that most ambient vibrations are Rayleigh waves
(H/V method, Nakamura, 1989), or used the S-wave portions of weak earthquake
records (Lermo and Chávez-García, 1993). Ni et al. (2014) introduced a method
(“the P -wave method” herein) as a simplified adaptation of spectral methods (e.g.,
Arai and Tokimatsu, 2004), using the instantaneous H/V ratio of the very earliest
isolated, initial P -wave arrivals of weak earthquake records to estimate VSZ , the
subsurface shear wave velocity over a representative depth z roughly proportional
to wavelength. Ni et al. (2014) demonstrated that this instantaneous H/V ratio
is both sensitive to VSZ , and relatively insensitive to P -wave velocity, using syn-
thetic seismograms generated for prototypical site profiles with prescribed source
mechanisms. They also demonstrated good performance of the P -wave method
for a record from the 18 April 2008 Mt. Carmel earthquake sequence. Li et al.
(2014) applied the method to a recording of the 2011 MW 5.8 Mineral, Virginia
earthquake and found good agreement with field measurements. These studies
were uniquely the first to investigate the application of the P -wave method to the
problem of geotechnical site characterisation, as opposed to the purely seismolog-
ical applications of earlier studies.
Kim et al. (2016) applied the P -wave method to 31 stations in Central &
Eastern North America (CENA) from several seismic networks with recordings
of 106 earthquakes collectively. The ray parameter, p, was estimated assuming
a simple one-dimensional (1D) velocity model (EPRI, 1993). Estimates of the
time-averaged shear wave velocity for vertical travel through the uppermost 30
metres (VS30) were obtained for each site by developing and applying empirical
correlations between VSZ and VS30. The resulting residuals exhibited lower bias
and variance than for VS30 estimated from other common proxy-based (geology,
slope, terrain) methods. Hosseini et al. (2016) applied the P -wave method to
a number of stations in the ANSS and EarthScope networks in the Central &
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Eastern United States (CEUS). The earthquake records they used spanned five
years and about 560 stations.
Zalachoris et al. (2017) applied the P -wave method to 251 stations located
in the plains region of the United States (in Texas, Kansas, and Oklahoma) and
compared the distributions of the resulting VS30 estimates with a proxy geology-
based model by Parker et al. (2017). Results were mixed; the authors postulate
differences between the two models (particularly for soil sites) may have arisen
because of differences in alluvium thickness at sites examined in the two studies.
Miao et al. (2018) applied the method at 298 sites in Japan. They found better
performance there than the Kim et al. (2016) in CENA, citing a more precise
crustal model for Japan, although both studies (as well as Zalachoris et al., 2017)
used one-dimensional crustal models.
Kang et al. (2020) applied the P -wave method to a much larger set of ground
motions from the K-net network in Japan. More than 9,000 records were processed
for 630 stations. They handled baseline drift automatically with a local baseline
correction (LBC) method. They also identified a bias in VS estimates that is
correlated with takeoff angle (inclination of the first arriving wave as it leaves the
hypocentre).
The goals of the present work were to assess the accuracy of the P -wave
method for sites in New Zealand with field measurements of VS30; to determine
whether better VS30 estimates can be obtained by using detailed two-dimensional
profiles or “slices” of of basin velocity models in New Zealand (Thomson et al.,
2020) in contrast to the 1-D approaches in prior studies; to empirically validate
the appropriateness of automated picking and LBC (Kang et al., 2020) for process-
ing ground motions; and to explore whether simple criteria can be identified for
assessing whether a particular strong-motion site is well-suited to VS estimation
by the P -wave method (either 1-D or 2-D variants).
The remainder of this chapter is organized in the following way. Section 3.2
briefly introduces the theoretical formulation of the problem of estimating VS30
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from H/V ratios. Section 3.3 summarizes the New Zealand strong-motion stations
selected for evaluation and the how salient ground motion parameters (pulse peak
picking, signal-to-noise ratio [SNR] criteria, etc.) were obtained. Sections 3.4
and 3.5 discuss approaches to obtaining the ray parameter and H/V ratios, re-
spectively; these are the main parameters needed to estimate VS. The proposed
improvement to the ray parameter estimation using two-dimensional velocity pro-
files is also explained in Section 3.4. The results are presented in Section 3.6. A
correction for prediction bias as a function of takeoff angle is given in Section 3.7.
Some discussion on the problem of deciding whether a given strong motion station
site is appropriate for applying the P -wave method is provided in Section 3.8.
3.2 Theory/formulation
Aki and Richards (2002) provide the solutions for the vertical and radial
components of ground displacement for a plane P -wave arriving at the surface of
an elastic half-space with uniform elastic properties (Figure 3.1). From these the
equation for the ratio of the velocities can be derived; the equation as presented
in Li et al. (2014) is
U̇R
U̇Z
= 2VSp cos j1− 2p2V 2S
(3.1)
where U̇R and U̇Z are respectively the radial and vertical components of particle
velocity at the surface of the half-space, VS is shear wave velocity, p is the ray
parameter, and j is the angle of the reflected shear wave with respect to vertical
(Figure 3.1).
The ray parameter p is an invariant property of a travelling seismic ray that
remains constant for every reflection and refraction along the travel path. It is
defined as





where VP and VS are the P - and S-wave velocities of the materials at a reflect-
ing/refracting boundary; i is the angle (from vertical) of an incident, reflected or
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transmitted P -wave; and j is the angle of a converted/generated SV-wave.




1− V 2S p2. (3.3)
This expression for cos j can be substituted into Equation 3.1. If cos j > 0, this
implies that | j |< 90◦ which is consistent with a half-space, so the negative root














Figure 3.1: A P -wave arriving at the ground surface, generating a reflected downgoing
P -wave and a converted S-wave. (From Zalachoris et al., 2017)
A few variations on this formulation occur in the literature. After the formu-
lation proposed by Li et al. (2014) (Equation 3.1), others (Kim et al., 2016; Miao
et al., 2018; Kang et al., 2020) found VS by iteratively computing j as sin−1(pVS)
(Equation 3.2) until Equation 3.1 converged on a single value of VS. The two ap-
proaches yield the same result, but it is worth noting that iteration can be avoided.
In deriving Equation 3.4 from Equation 3.1, a decision is required about the sign
of the inner radical; this is discussed in Appendix D in terms of its influence on
VS.
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The solution by Aki and Richards (2002) assumes a half-space with uniform
elastic properties. For the real earth, the VS value above is assumed representative
along a distance of one wavelength of an S-wave, z meters (VSZ , z = τpVSZ) where
τp is the pulse duration of the source time function. Following Ni et al. (2014);
Kim et al. (2016), and others, we assume τp = 0.1s which is typical for the range of
magnitudes considered. Finally, an empirical relationship between VSZ and VS30
(Kim et al., 2016) is used to estimate VS30.
3.3 Stations, records and preprocessing
Strong motion stations with existing VS30 data and/or VS profiles were se-
lected. Most of these are from surface wave testing (Cox and Vantassel, 2018;
Kaiser et al., 2017). The stations examined are summarized in Table 3.1.
Ground motions for this study were retrieved from the GeoNet FDSN network
server. The service does not enforce explicit event-record associations, so available
records were associated with their causal earthquakes based on a time window
corresponding to event times in the earthquake catalog. A catalog for each station
was compiled, consisting of events occurring between 2000-01-01 and 2015-01-01,
magnitudes from 3.0 to 5.0 and within a 200km radius of each station. Only
strong-motion records sampled at 200Hz (SEED channel code HN?) were used
(Ahern et al., 2012; GeoNet, 2020).
Based on event metadata and station location, each ground motion recording
was associated with a theoretical arrival time (tTAT) computed using the TauP
algorithm (Crotwell et al., 1999) as implemented in the ObsPy toolkit (Beyreuther
et al., 2010), assuming the one-dimensional (spherical) earth model by Kennett
et al. (1995). Each three-component raw acceleration record was demeaned, and
the ar_pick method (Akazawa, 2004) as implemented in ObsPy was used to pick
the P -phase arrival time (tpick). This algorithm employs the well-known STA/LTA
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(short-term average / long-term average) ratio1 as well as an Akaike Information
Criterion (AIC)-based autoregressive modelling approach,2 giving fairly robust
performance in picking of various seismic phases.3
The horizontal components of each record were rotated to the radial and tan-
gential directions relative to source azimuth, and pre-event noise was removed such
that the maximum of either five seconds, or five percent of the trimmed record,
remained before the theoretical arrival time. Signal to noise ratio (SNR) was com-
puted for each component of each ground motion record using both amplitude-
and energy-based measures (SNRA and SNRE respectively) (Lee et al., 2014).
The noise and signal windows were taken as one second immediately preceding
and following tpick. Records with SNRA < 2 or SNRE < 10 were discarded (these
were arbitrary thresholds for removing the most obviously unusable recordings;
presently SNR is examined more closely). The geometric mean of the maximum
SNRA and maximum SNRE was saved for each component, and the lowest of these
three was retained for each record. This quantity is referred to simply as SNR
hereafter. The distributions of SNR per station are summarised in Figure 3.2.
Filtering and baseline correction were performed according to recommenda-
tions by the U.S. Geological Survey (2012), Boore (2005), and Boore and Bom-
mer (2005), with filtering corner frequencies of 0.02 and 50 Hz (Robin Lee, pers.
comm.)
1STA/LTA processing relies on the insight that a sudden spike in an otherwise stationary
random signal will register as an increase in a short-term windowed average of the signal above
a longer-term windowed average. The length of the time windows can be chosen as model
parameters. Properly tuned STA/LTA triggering algorithms have the advantage of relatively
scale-invariant performance so that phase arrivals in both high- and low-noise signals can be
detected.
2essentially, splitting a timeseries into two segments, varying the timestep of the split to
search for best candidate phase arrival time, and using AIC to optimize the performance of a
statistical model representing the expected pre- and post-phase-arrival signal characteristics
3P -phase picking is a trivial problem compared with other seismic phases (e.g. S-wave and
surface wave arrivals) because, being the first seismic waves to arrive at a recording station,
they are not obscured by motions produced by earlier seismic phases. The ar_pick results
were spot-checked to confirm satisfactory performance. No attempt was made to perform an
exhaustive review of phase picking algorithms. It is likely that a number of other algorithms
would have yielded similarly good performance. In any case, a significant collection of ground
motions were processed with manual pulse picking (Section 3.5.1) because it is understood that
no algorithm can be expected to perform perfectly.
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Figure 3.2: Distribution of signal-to-noise ratio SNR per station.
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3.4 Ray parameter estimation
The ray parameter p is one of the parameters required to estimate VS and
VS30. It can be estimated using Equation 3.2 for records with known hypocen-
tral location, and if enough is known about the subsurface velocity structure to
identify a major refraction boundary between the source and site. This occurs
at the location of the largest impedance contrast, the basement, the depth of
which can be measured or estimated by various approaches but herein is ob-
tained from regional basin models that have been developed for the New Zealand
Velocity Model (NZVM) (Deschenes et al., 2018; Thomson et al., 2020). Both
simplified one-dimensional “layer cake” and two-dimensional approaches were im-
plemented. The need for a strong velocity contrast imposes a limitation on the
sites at which the P -wave method can be applied. The NZVM represents VS
with simple smoothly-increasing functions depth wherever velocity contrasts have
not been specifically identified (whether by geophysical methods such as seismic
tomography, or by inferential extrapolation of rock elevation from nearby slopes,
as in sedimentary basins). So sites where the NZVM does not identify a strong
velocity contrast are not amenable to the P -wave method.
3.4.1 One-dimensional profiles
One-dimensional (1-D) profiles for each site were obtained by querying New
Zealand basin P -wave velocity models directly beneath each seismic station and
taking the impedance contrast as the midpoint between the two points with the
maximum P -wave velocity contrast (measured as the difference of the log of adja-
cent VP values). This point typically corresponds to a rock surface and is identified
as the basement (Figure 3.3). 1-D NZVM queries return a vector of P -wave ve-
locities increasing with depth at a specified resolution (chosen as 100 metres).
Representative P -wave velocities were assigned each of the two layers by time-
averaging VP along the profile from the ground surface to the basement, and from
the basement to the hypocentral depth. The ray parameter p was estimated by
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finding the refraction point corresponding to minimum travel time for a P -wave




















where R1 and R2 refer to the horizontal components of straight-line distance
travel for the ray paths in the upper and lower layers, respectively; D1 and D2
refer to the corresponding vertical distance components; and VP1 and VP2 are
the P -wave velocities in the upper and lower layers. These variables are presented
schematically in Figure 3.3. Also shown in the figure are the incident and refracted
angles for the upgoing ray, i2 and i1 respectively. These angles are the same as
those for reflection at the ground surface (Figure 3.1) and for Snell’s law and the
definition of the ray parameter p (Equation 3.2).
Figure 3.3: Schematic of P -wave traveling through a simplified one-dimensional
velocity model characterized by two layers. The ray parameter is estimated by finding
the point of refraction corresponding to the minimum travel time from source to site.
From Zalachoris et al. (2017).
Since the coordinates of the strong-motion station are used for querying the
velocity model, the one-dimensional velocity layer cake model is computationally
expedient in that the velocity model needs only be queried once for each site (as
opposed to once for each strong-motion recording). Since waves tend to refract to
near-vertical angles for the typically significant velocity contrasts at the basement,
sampling the velocity model directly beneath the site (as opposed to some location
between the site and epicenter for each event) is judged to be a reasonable simpli-
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fication. The two-dimensional alternative, discussed below, offers an opportunity
for quantitative evaluation of this tradeoff between accuracy and expediency.
3.4.2 Two-dimensional profiles
The two-dimensional (2-D) approach to estimating p is conceptually similar
to the one-dimensional method. It still assumes a single point of refraction, but
the basement depth is obtained by querying a “slice” (transect) of the three-
dimensional velocity model between the recording station and hypocenter for every
ground motion record. Thus the 2-D method reasonably assumes a constant ray
azimuth (i.e., the travel path of the first P -wave appears as a straight line in plan
view), and the basement depth varies as a function of horizontal distance. An
example profile is shown in Figure 3.4.
Figure 3.4: Schematic of P -wave traveling through a two-dimensional “slice” of the
basin velocity model.
The ray parameter p is estimated by searching along the basement surface
(represented as a heavy black line in Figure 3.4) and computing a travel time
for every hypothetical refraction point as the sum of the two straight-line travel
paths (represented as a dashed line in the figure). P -wave velocity was sampled
uniformly from the NZVM along the travel path so that the travel times were as
close as possible to reality as represented by the NZVM.
The vast majority of slices are closer to the idealized one-dimensional “layer
cake” assumptions than the example in Figure 3.4 suggests. This particular ex-
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ample is chosen to highlight a couple of considerations that arise for the two-
dimensional case. First, since the basement surface is in general nearly horizontal,
any deviation from horizontal at the point of refraction is ignored when comput-
ing angles i1 and i2. Second, there is a shear wave velocity reversal (geology
wherein VS is not monotonically increasing with depth) underlying some parts of
Christchurch, owing to the Banks Peninsula Volcanics formation. Velocity rever-
sals introduce a nonuniqueness property to wave path calculations, and there is
no straightforward way to address this in the context of this study. Where shear
wave reversals are present in the profile, our approach was to ignore them and take
the deepest significant velocity contrast in the profile as the basement surface.
3.5 Obtaining ratios
The ratio of the radial component of velocity to the vertical component ( U̇R
U̇Z
),
a special case of the horizontal-to-vertical (H/V) ratio (Nakamura, 1989), is the
other parameter required to estimate VS and VS30 (Equation 3.4). It is taken
instantaneously at the peak in the vertical trace U̇Z(t) for the first P -wave arrival,
tpeak, assuming that the earliest part of the ground motion record represents pure
P -wave motion without the interference of other wave types (Kim et al., 2016).
The vertical and radial components of velocity are generally in phase or nearly
so, so that the ratio is positive and stable in the vicinity of the first peak. In a
subsequent section (Section 3.8.2), exceptions to this are discussed. Since negative
ratios are not consistent with the other simplified/idealised assumptions of the P -
wave method, any negative values of U̇R
U̇Z
are discarded and not used to generate
VS30 estimates. For simplicity, hereafter the quantity U̇RU̇Z is sometimes referred to
simply as the “ratio.”
Because the P -wave method relies on velocity (rather than acceleration),
baseline error is a pernicious problem for applying the method to records pro-
cessed in an automated or semiautomated fashion. Even with best practices for
filtering and baseline adjustment, some degree of drift (cumulative error arising
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with time-integration) is unavoidable. Some pre-event noise must be left at the
beginning of the record to allow for padding (Boore, 2005; Boore and Bommer,
2005). Furthermore, many phase-picking algorithms (including Akazawa, 2004,
used herein), rely on some local averaging; consequently it is not a trivial problem
to use automated methods to trim pre-event noise so precisely as to completely
eliminate baseline error. To address baseline drift, this work uses automated and
manual variants of the secondary, local baseline correction (LBC) proposed by
Kang et al. (2020). The latter is used to validate the former; these are discussed
in turn below.
3.5.1 Manual picks
An interactive program with graphical user interface (GUI) (Figure 3.5) was
developed to allow rapid manual picking of first pulse arrivals and associated U̇R
U̇Z
ratios. The program integrates accelerograms to obtain velocity and shows the
radial and vertical components of velocity on one axis, with the continuous ratio
U̇R
U̇Z
below it. The user can apply “manual” LBC by adjusting the four independent
parameters (two parameters each for linear correction functions on the vertical and
radial velocity traces), then click to select the moment of the first vertical velocity
peak and save it to a datafile. The user can also assign a binary “keep” flag
to allow rejection of any record of such poor quality that the first P -wave pulse
cannot be identified. After the initial SNR-based culling, however, these records
were so few as to be statistically insignificant. Theoretical arrival time tTAT and
the automated P -phase arrival time tpick are marked in the GUI for reference;
this allows the user to better assess potentially erroneous automated picks, false
triggers, etc. A similar approach was followed by Hosseini et al. (2016) in their
manual data processing. Other pertinent metadata such as epicentral distance
and event magnitude are also shown for each record.
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The approach chosen for manual pulse picking and LBC is time-consuming.
It was impractical to perform this process on all (nearly 12,000) ground motion
recordings, so a random subset was used instead. The subset of ground motion
recordings chosen for manual pulse picking needed to balance two considerations:
(1) finding the very best possible estimates of VS30 for each station within the
limitations of the P -wave method, and (2) validating the automated LBC pro-
cedure (below). In light of this, a subsetting scheme was selected whereby for
each station, the 20 highest-SNR ground motion records were retained, as well
as a sampling of records across a range of SNR—a maximum of 20 each within
six logarithmically-spaced SNR bins. This yielded a total of 3,221 records with
good representation across both SNR and unique seismic stations. The number of
manually-processed ground motion records for each station is reported as Nmanual
in Table 3.1.
3.5.2 Automated picks
To find the peak of the first vertical velocity pulse automatically, the first
zero-crossing in the vertical acceleration record after the P-phase arrival (using
the automatically-chosen phase arrival time tpick) is used.
For obtaining useful values of the vertical and radial velocity components,
LBC must be used to account for baseline drift. Kang et al. (2020) implemented
LBC as follows: For each component (radial and vertical), the velocity average
over a time window of length ∆tLBC preceding tpick was subtracted from each
velocity trace to counteract any cumulative drift resulting from the integration
of pre-event noise. This study follows Kang et al. (2020) in using ∆tLBC = 0.5,
but we apply a linear function of time (rather than a constant) correction which
yields a slightly more accurate tpeak than the constant variant. This conclusion
was based upon comparison with manual LBC (next section).
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3.6 Results
In subsequent sections results are discussed for VS30 estimation by various
methods (one-dimensional and two-dimensional velocity models; manual and au-
tomated pulse picking).
3.6.1 1-D results
A summary of VS30 data for each site and the corresponding estimates derived
from the P -wave method is presented in Figure 3.6. Individual estimates from
the P -wave method (one estimate per recording) are shown as dots, with those
derived from auto-picked ratios shown on the left side of each station as blue
dots, and manually-picked ratios (fewer in number) shown on the right side as
orange dots. (Only a subset of the motions were picked manually as discussed
in Section 3.5.1). The translucent overlays for each site show individual VS30
measurements and a composite distribution derived from all available single VS30
measurements as red (left) and purple (right) boxes, respectively. Each box is
vertically symmetrical; the centerline shows the best-estimate VS30 and the top
and bottom indicate reported measurement uncertainty as ±1 standard deviation
(σ). For sources with no reported standard deviation, σ = 0.1 was assumed
(Moss, 2008). The red (left-side) individual VS30 values in Figure 3.6 come from
Table 3.1. Wherever only one measurement is available for a site (e.g. CRLZ),
the individual and composite distributions are identical. Finally, for comparing
the P -wave method results against a proxy-based method, model estimates from
the worldwide slope-based VS30 model by Allen and Wald (2007) are shown as red
squares.
It is clear that some sites exhibit systematic, often significant, prediction bias.
In a subsequent section we examine the question of site-specific bias, and whether
any correlations with other factors (geology, regional effects etc.) can be found
that might elucidate the utility of the P -wave method at particular sites.
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Figure 3.7a shows the accuracy of VS30 estimates based on manual selection of
U̇R
U̇Z
as a function of log10(SNR) for the set of ground motions that were examined
manually. The vertical axis shows residual (natural log of the ratio of observations




for all sites where measurements of VS30 were available. Boxplot overlays and
the red, black and blue lines represent the quartiles, mean, median and standard
deviation of the residuals binned by SNR. These provide a sense of the correlations
between SNR and the precision and bias of the VS30 predictions for the 1-D case.
The mean and median residuals are fairly close to zero for all bins (except for
the erratic trends at very high SNR because of sparse data). There is a slightly
higher likelihood of drastic overprediction than underprediction, which is likely
the reason for the mean (red line) trend being consistently slightly lower than
the median (black line). There is obviously there is no practical benefit to using
SNR-based retention criteria with manually-picked U̇R
U̇Z
pulses (manually-processed
records are retained or rejected on the basis of judgment for each individual ground
motion recording), but a direct comparison with the automatically-processed case
is useful.
Figure 3.7b shows the same relationship for VS30 estimates based upon auto-
mated processing (Section 3.5.2). The automated processing introduces a system-
atic bias to estimates for records with log10(SNR) less than about 1.6. However,
Figure 3.2 and Table 3.1 show that imposing a cutoff of log10(SNR) ≥ 1.6 would
reduce the number of useable recordings significantly, so is not an ideal solution
to the problem of bias in noisy records. Kang et al. (2020) also found a nontrivial
bias for noisy records, with the residuals also negative in sign, indicating model
overprediction.
Figure 3.7 shows that there is a decidedly stronger tendency toward overpre-
diction at low SNR for automated approaches than manual. This overprediction is
in part an emergent feature of some arbitrary but systematically faulty behaviours
in the automated approach, which are eliminated or partially corrected through
the application of superior human pattern-recognition in the manual approach.
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Some typical cases include a nonlinear trend in the 0.5 seconds prior to P -phase
arrival, and any records where the ar_pick algorithm produces inaccurate phase
picks. On the other hand, the main tradeoff in the automated approach for a
large number of records is more scatter in predictions (lower precision), with a
relatively modest increase in model bias for low SNR. An obvious conclusion from
Figures 3.6 and 3.7 is that the automated method gives predictions that are rea-
sonably close to manual picks, so long as there are a large number of mostly
good-quality ground motion recordings from which to generate estimates.
3.6.2 Improvements related to 2D profiles
The residuals for the 2-D variation are presented for the manually-processed
and automatically-processed data in Figure 3.8 and can be compared directly to
Figure 3.7. Residuals are also shown on a per-station basis in Figure 3.9 for the
1D and 2D cases (blue and orange dots, left and right, respectively), using VS30
derived from manually-picked ratios. The residuals shown in Figure 3.9 are thus
the same as shown in Figures 3.7a and 3.8a. Similarly to Figure 3.6, red squares in
Figure 3.9 show the residuals corresponding to slope-based VS30 estimates obtained
from the global model by Allen and Wald (2007). These are shown to facilitate
comparison between the P -wave method and a widely-used proxy-based model.4
4Foster et al. (2019) (Chapter 2) was not chosen for this purpose because it was calibrated
in New Zealand using some of the same VS30 measurements used here for validating the P -wave
method, as well as being spatially conditioned using geostatistics, so the comparison would be
too self-referential to be useful.
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(a) For recordings with estimates based on manual peak and ratio picks.




















(b) For recordings with estimates based on automated peak and ratio picks.
Figure 3.7: Residuals of VS30 (ln obs.pred.) plotted against signal-to-noise ratio (SNR) for
the 1-D approach (Section 3.6.1). Boxplots show distributions of residuals binned by
SNR. Red, black and blue lines show mean, median and standard deviation
respectively for each bin.
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(a) Same as Figure 3.7a, but using the 2-D approach.




















(b) Same as Figure 3.7b, but using the 2-D approach.
Figure 3.8: Residuals of VS30 (ln obs.pred.) plotted against signal-to-noise ratio (SNR) for
the 2-D approach (Section 3.6.2). Boxplots show distributions of residuals binned by
SNR. Red, black and blue lines show mean, median and standard deviation
respectively for each bin.
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It is clear from comparing Figure 3.7a to 3.8a and 3.7b to 3.8b, as well as
from Figure 3.9, that the 2-D approach yields an improvement in VS30 estimates
irrespective of other details. This can be appreciated in Figure 3.10, where the
probability density functions of the median per-station 1- and 2-D P -wave model
residuals (black lines from Figure 3.9) and the Allen and Wald (2007) slope-based
model residuals (red squares from Figure 3.9) are estimated using a Gaussian
smoothing kernel with a width of 0.5. The figure suggests that for the 36 valida-
tion stations considered in this study, the 1-D P -wave method performs approx-
imately as well as the proxy (slope-based) method, with a comparable variance
and roughly zero bias, while the 2-D P -wave method exhibits a lower variance in
residuals, indicating that it outperforms the proxy-based approach by a modest
but nontrivial margin in terms of precision. The median and standard deviation
for the residuals underlying the density estimates in Figure 3.10 are presented in
Table 3.2. Here it can be seen that the standard deviation for the 1-D residuals
is significantly higher than for the Allen and Wald (2007) model; this may be in
part due to the “banding” of negative-valued residuals discussed presently.












Figure 3.10: Kernel density estimates for the distributions of the median model
residuals for each station for the 1-D P -wave method (blue), the 2-D variation
(orange), and for the Allen and Wald (2007) slope-based proxy model (green). These
distributions are summaries of the information shown in Figure 3.9. The 1-D P -wave
method performs with roughly similar accuracy and precision as the Allen and Wald
(2007) model, while the 2-D variation of the P -wave method outperforms the proxy
model. Smoothing is from a Gaussian kernel with window width of 0.5. The statistics
for the residuals are presented in Table 3.2.
With respect to the tradeoffs between manual and automated pulse/ratio
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Table 3.2: Median and standard deviation for the collection of per-station residuals
used to generate Figure 3.10.
1D 2D AW07
Median 0.092 -0.078 0.018
Std. Dev. 0.668 0.250 0.447
picks, there is a modest improvement of both bias and precision for the manually-
processed subset compared to the automated for the 2-D approach as well. (Fig-
ure 3.8) However, the improvement is much more modest in the 2-D approach
than for the 1-D: the precision improves on the order of about 0.1 standard de-
viation, while the bias (as represented by the mean or median of the residuals)
goes from about -0.1 to zero for low-SNR records, and from about 0.1 to zero for
higher-SNR records. From Figures 3.7 and 3.8 it can thus be inferred that manual
processing of motions (instead of automated processing) confers a relatively small
advantage compared to the 2-D representation of the problem (instead of 1-D).
One feature of the residuals from the automated 1-D case (Figure 3.7) is the
apparent clustering of many residuals in “bands,” most visible in the negative
residuals near the lower-left of Figure 3.7b. This clustering can be understood
as an artifact of the decision to generate the 1-D subsurface model (required to
determine the ray parameter) from the basement depth at the location of the
recording site. In the 1-D approach, it is assumed that all records at a given
site have the same basement depth (and hence same refraction depth). In reality,
each recording is of course associated with a unique rupture, hypocentre, azimuth
and refraction depth. Since this is not captured by the simplified assumptions
of the 1-D approach, a salient difference between the 1-D and 2-D approaches
can be thought of as the loss of a degree of freedom in the parameterisation
of the problem geometry. This does not capture the differences between the
approaches completely, but since the NZVM—like the earth it represents—has far
more homogeneity laterally than vertically, and since neither the NZVM nor the
P -wave method is able to account for certain other real-world complexities such
as topographic differences, the more faithful representation of basement depths
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for events originating at different azimuths is the most significant element of the
observed improvement of the 2-D approach over the 1-D approach.
Figure 3.11 shows the same information as Figure 3.8b but the boxplot and
line overlays for each SNR bin show the statistics for all residuals with SNR
greater than equal to the SNR. (Statistics are shown for a minimum threshold
SNR rejection, rather than “binwise” statistics). This view on the data is useful
for evaluating the “quantity/quality” tradeoff that arises when using weak ground
motion data and was summarised briefly above with respect to the difference
between automatic and manual picking (Section 3.6.1; Figure 3.7). As expected,
in Figure 3.11 the statistics change more smoothly with increasing SNR than in
Figures 3.7 and 3.8. Figure 3.11 also shows that good-quality records tend to
compensate for any poor predictions associated with noisy records, and it is not
necessarily unreasonable to retain noisy records in estimating VS30.
3.7 Correcting for takeoff angle
Kang et al. (2020) investigated the correlation of takeoff angle with VS30
residuals. Takeoff angle is the initial angle of the ray representing the first P -wave
arrival measured from vertical (i2 in Figure 3.3). Kang et al. (2020) determined
that there is a systematic bias in VS30 predictions at low (near-vertical) takeoff
angles, which can also be understood as events with short horizontal distance from
the recording site.
The correlation between takeoff angle and VS30 prediction residuals is ex-
amined here for the 2-D results, following Kang et al. (2020). The data are
unbalanced with respect to recording site (i.e., some sites have many recordings
and some have few). Consequently, any proposed bias correction needs to accom-
modate this or else the correction will reflect the highly local and study-specific
balance of data under inspection. (i.e., bias will be dominated by sites with many
recordings).
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Figure 3.11: Residuals of VS30 (ln obs.pred.) plotted against signal-to-noise ratio (SNR) for
the 2-D approach (Section 3.6.2). Each boxplot summarises the distribution of
residuals greater than or equal to a given value of SNR. In other words the residuals
shown are the same as in Figure 3.8b, but the boxplots represent statistics for a
"threshold" collection of residuals rather than the "binwise" statistics shown in
Figures 3.7 and 3.8. The red, black and blue lines show mean, median and standard
deviation respectively for each boxplot.
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Accordingly, the residuals are partitioned into “within-site” and “between-
site” residuals so as to reduce or eliminate the problem of “unbalanced” data. This
is known as random-effects modelling and entails optimizing the two components
of each residual so as to maximize the likelihood that both within- and between-
site residuals are normally distributed. Partitioning can be implemented following
Abrahamson and Youngs (1992), or applied using the lme4 package for the R
statistical programming language (Bates et al., 2014).
Figure 3.12 shows the within-site residuals plotted against takeoff angle, with
binned statistics shown as in previous figures and a fitted curve,
y = −2.2e− x7.6◦ (3.6)
plotted as a green dash-dotted line. These results are in good visual agreement
to those shown by Kang et al. (2020); however, there is a discrepancy between
the plotted results and reported curve fit in that work (i.e., the reported equation
does not correspond to the plotted curve).
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Figure 3.12: Within-site residuals plotted against takeoff angle; binned statistics
shown similar to Figures 3.7-3.11.
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P -wave model predictions of VS30 can be adjusted using the relationship in
Equation 3.6. The relatively small number of low-takeoff-angle records means
that overall statistical performance is essentially unaffected. When applying the
P -wave method for forward prediction, however, the above takeoff angle correction
is a prudent measure for sites with few recordings, and is corroborated by both
our work and Kang et al. (2020).
3.8 Site-specific performance indicators
Figure 3.6 shows that some strong motion stations give consistently better
VS30 predictions than others. A question worth pursuing is whether any readily-
available information can give insight into the predictive performance of the P -
wave method for a particular site. The guiding assumption is that wherever
geologic conditions can be closely approximated by the simplified representation
of Figure 3.3, the P -wave method will perform well; wherever there are significant
departures from these idealised assumptions (e.g.: non-flat surface topography,
multiple distinct geologic layers above the hypocentre, shear wave velocity re-
versals), the P -wave method will perform poorly. In the subsequent discussion,
references to “idealised” conditions will refer to the assumptions shown in Fig-
ure 3.3: flat ground, two distinct geologic layers separated by a flat basement
surface, constant elastic moduli within each layer, VP > VS in both layers (always
true for geomaterials), and VP1 < VP2 (usually true)5. Two promising avenues for
this investigation are statistics derived from a digital elevation model (DEM), and
the prevalence of negative U̇R
U̇Z
ratios. These are discussed in turn.
5The most common exceptions—where VP 1 > VP 2—are in volcanic areas, where one or more
dense lava flows occured atop a soil layer or less-dense rock layer. This is typically associated
with multiple major refraction boundaries in the near-surface, above the seismogenic zone, and
hence these cases are associated with several major departures from idealised assumptions. The
Banks Peninsula Volcanics in Canterbury (Figure 3.4) are an example.
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3.8.1 Topographic slope
Topographic slope is a good statistic to investigate for insight into the appli-
cability of the P -wave method, since the method is based upon the assumption
of a uniform and horizontal layering structure and ground surface, and real-world
departures from the flat-ground model are often (not to say always) associated
with non-zero topographic slope.
Foster et al. (2019) (Chapter 2) generated DEM statistics (slope, convexity,
and a texture metric) and from these generated maps for the "terrain" categories
by Iwahashi and Pike (2007) for New Zealand (Section 2.4.2). Both slope and
the Iwahashi and Pike categories were generated from a raster representation of
the DEM sampled at 100-metre spacing. In areas where there are sharp changes
in terrain (e.g. terraced river valleys, or at the toe of steep mountains), slope
and other DEM-based statistics can be expected to change rapidly, with aliasing
effects impacting the DEM statistic associated with each site. Additionally, the
scale at which the DEM is sampled may not be inconsequential in its suitability as
a proxy for the efficacy of the P -wave method. In other words, most hypocentral
depths are on the order of a few kilometres and most source-to-site distances are
on the order of a few kilometres or tens of kilometers, rather than a few hundreds
of metres; consequently, it is possible that any trend between slope and VS30
residual may be more apparent for slopes measured on (say) a 1km grid than a
100m grid. To account for this possibility, DEM statistics were re-generated at
200, 500, 1000, and 2000m grid spacings in addition to the 100m versions used by
Foster et al. (2019).
The residuals from Figures 3.8b and 3.11 are averaged for each site and plot-
ted against slope in Figure 3.13, with all five grid spacings plotted on the same
axes (so five points for each site are shown). While the variation in each site’s
slope for the five grid spacings is essentially random, an apparent (very weak or
perhaps coincidental) overall positive correlation is evident, indicating a tendency
for overprediction at flat sites and underprediction at steeper sites. The same weak
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correlation is visible in Figure 3.14 where residuals are plotted against the sixteen
discrete Iwahashi and Pike (2007) categories, which are generated using slope as
a first-order discriminator. (The trend appears reversed in Figure 3.14, but this is
because the categories are defined with lower-numbered categories having steeper
slopes and higher-numbered categories having flatter slopes).




















Figure 3.13: Mean residuals for each site plotted against topographic slope, computed
at grid resolutions ranging from 100 to 2000 metres.
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Figure 3.14: Mean residuals for each site plotted against discrete terrain categories
(Iwahashi and Pike, 2007), computed at grid resolutions ranging from 100 to 2000
metres.
The number of sites included in this study is too small, and the range of ge-
ographic locations and geologic characteristics too clustered, to draw any strong
conclusions from these results. Some speculation follows about the origin of this
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(apparent, weak) trend; it may provide some tentative insights for potential direc-
tions for future research. The apparent trends in Figures 3.13 and 3.14 indicate a
possible tendency for overprediction of VS30 at very flat sites (e.g., Christchurch
city and surrounds) and underprediction in mountainous areas, with the best per-
formance seemingly at sites with modest (∼ 1 percent) slope. There are far too few
sites with steep slope to attempt to guess any physical explanation for the under-
prediction at those sites. However, the distinction between 10−3 or 10−4 slopes and
10−2 for alluvial deposits is generally associated with distinctly different particle
sizes and overall sediment stiffness (Wills and Gutierrez, 2009). In Canterbury,
where many of the sites under investigation are located, there is likely a fairly
smoothly-varying increase in VS30 proceeding from the flat city of Christchurch
to the modestly-sloped terrain of the western Canterbury plains, associated with
the gradual increase in topographic slope arising from the depositional history of
the Canterbury basin. Whether there is something inherent to sites of moderate
stiffness that renders them more amenable to the P -wave method, or whether
there is a regionally specific tendency in the Christchurch sites (many of which
are underlain by the Banks Peninsula Volcanics, which introduce a shear wave
velocity reversal and represent a major departure from the simplified assumptions
of the P -wave method) is not possible to conclude on the basis of this study alone.
3.8.2 The “negative ratio” issue
The following discussion refers extensively to the ratio U̇R
U̇Z
(Section 3.5). As
before, sometimes this quantity will be called simply the “ratio” or (as it is relevant
in this section) a negative/positive ratio. As mentioned, a hypothetical “perfect”
site or problem domain would resemble the idealised horizontal, two-layered site
shown in Figure 3.3. Similarly, a hypothetical “perfect” ground motion recording
would have no noise or baseline drift. Examining Equation 3.1, it is clear that
the only way U̇R
U̇Z
can be negative is if p2V 2S > 0.5, which means sin2 j > 0.5 and
| j |> 45◦. Since i > j (because VP > VS), this implies a very shallow arrival
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angle, which while not impossible, is rare (because shear wave velocity tends to
increase with depth, meaning seismic waves generally refract toward the vertical
at impedance boundaries: Shearer, 2019). In short, for idealised applications of
the P -wave method, the ratio U̇R
U̇Z
can always be expected to be positive.
By contrast with the idealised case, negative ratios are not uncommon in ac-
tual ground motion recordings considered herein. Following the reasoning above,
negative ratios may be associated with non-ideal (noisy) earthquake recordings,
non-ideal sites (in areas with complex geologic structures or terrain), or both.
This suggests some utility in evaluating the proportion of records with negative
ratios for a given site.
It should be emphasised that for all VS30 estimates presented in this work,
whether by manual or automated approaches, negative ratios were discarded as
mentioned in Section 3.5. U̇R
U̇Z
< 0 is treated as a possible indirect (and insufficient)
indicator of the applicability of the P -wave method, but records with negative
ratios are not shown in any of the results in Figures 3.6-3.11 or elsewhere. Of
course, the absence of statistically significant numbers of negative ratios itself is
also not a sufficient indicator of “good” results.
In Appendix D there is a short discussion on the alternative functional forms
for Equation 3.4 to find VS and VS30, where the sign of U̇RU̇Z is relevant. The rest of
this section contains more detailed discussion on the question of negative ratios,
and a few exemplary sites where negative ratios may be the result of departures
from ideal-site assumptions.
As mentioned above, in general it is assumed that negative ratios arise for
either non-ideal geometry, noisy recordings, or both. When considering only sites
with ideal or near-ideal geometry, and when considering only automated pulse-
picking and baseline correction, it can be assumed that U̇R
U̇Z
< 0 is an artifact of
noise, baseline drift and/or other more-or-less random complications attendant to
automated pulse-picking, and not physically meaningful. It is intuitive to expect
that among the noisiest ground motion records, roughly 50% of records would
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have negative ratios and half would be positive.6 So, the proportion of negative to
positive ratios (obtained via automated approaches) might be useful as a screening
tool for evaluating whether a particular site is sufficiently close to the idealised
assumptions above for the P -wave method to yield realistic VS30 estimates. This
would indicate sites for which the vertical and radial components tend to be out
of phase systematically and U̇R
U̇Z
< 0 occurs more than mere chance would suggest.
Indeed, in the course of manual pulse picking, a few sites did appear to exhibit
radial and vertical velocity traces that were frequently or consistently out of phase.
This behaviour inspired a closer look at these sites.
Each pane in Figure 3.15 presents the number of records for which the auto-
mated LBC and pulse picking method yielded positive U̇R
U̇Z
ratios, and the number
of negative ratios. These values are plotted as integers above and below zero,
respectively, binned by SNR. For stations where the “layer cake” assumptions are
sufficiently close to reality, there will be roughly 100% positive ratios at the high
end of the SNR continuum. In Figure 3.15 the left-side panes represent three
stations where we hypothesise that the P -wave work method works well because
local geology is fairly close to idealised assumptions. For Templeton (TPLC),
Papanui (PPHS) and North New Brighton (NNBS), Figure 3.9 shows that there
is good precision and little or no bias evident in the residuals, and there is little
change from the 1D to 2D case. The stations chosen for the right-side panes are
examples of sites where the P -wave method yields poor precision and/or accuracy,
and/or where there is a significant difference between the 1D and 2D cases, which
suggests non-ideal geometry. These non-ideal sites are all located on or near the
steep volcanic terrain of the Banks Peninsula (Figure 3.16). Discrepancy between
the 1D and 2D approaches does not indicate per se that the P -wave method does
not or cannot yield useful VS30 estimates; merely that the 1D approach may be
inadequate for sites with non-ideal geometry.
6Where pulse picking is done manually, using the interface shown in Figure 3.5 or similar,
the user’s predilection for “sensible-looking” radial and vertical arrival pulses becomes relevant
and the 50% figure cannot be assumed. It is therefore simpler, faster and more appropriate to
use automated methods for evaluating the prevalence of negative ratios.
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Figure 3.15: For ground motions binned by SNR, the total number of motions at each
station for which automated LBC yields U̇R
U̇Z
> 0 and < 0 are plotted as negative and
positive lines, respectively. The three stations on the left side of the figure are chosen
because they may have “ideal” properties; the three on the right are non-ideal.
Akaroa School (AKSS) is located near the foot of a steep volcanic hillside
(Figures 3.16 and 3.17). The idealized layer cake assumption clearly does not
apply. In fact, many recordings at AKSS display a “signature” tendency for the
vertical and radial velocity traces to be nearly 180◦ out of phase (Figure 3.18).
However, it is also common for the first vertical peak to coincide with a positive
U̇R
U̇Z




Godley Head (GODS) is located near the top of the Port Hills, the western
side of the Banks Peninsula nearest Christchurch. (Figures 3.16, 3.19). As with
AKSS, it is obvious that the local site conditions at GODS are nothing like the
idealised conditions. Unlike at AKSS, a significant proportion of GODS records
with high SNR have negative ratios (Figure 3.15). But not all low-noise recordings
from GODS have negative ratios; most are still positive. Figure 3.20 shows two
prototypical examples of recordings from GODS.
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Figure 3.16: “Non-ideal” sites AKSS, GODS, and MTPS, shown with aerial imagery
for geographic context. Small boxes in inset show location of subsequent figures
(3.17 and 3.19).
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Figure 3.19: Godley Head (GODS) and Mount Pleasant (MTPS) strong-motion
station locations.
Like GODS, MTPS (Mount Pleasant) is a strong motion station located in
the Port Hills. MTPS has far fewer triggered event recordings than the others
shown in Figure 3.15, and none have negative ratios. Nevertheless, it is clear
from the topography (Figure 3.19) that it is not an ideal site. Figure 3.21 shows a
typical record from MTPS, which exhibits a minor phase shift between the vertical
and radial components of the first arrival.
Other non-ideal stations were examined in detail besides those discussed
above. Among these, the most obvious non-ideal characteristics were topographic.
Some stations, such as SHLC (Shirley Library) are characteristically noisy and
did not yield good VS30 estimates. SHLC is installed in a busy parking structure.
Close examination of all SHLC records indicates that the vertical P -wave arrivals
were generally discernable, but the horizontal arrivals were nearly indistinguish-
able from noise. However, ratios from SHLC were more than 50% negative: it
is possible, though far from clear, that this is a systematic effect related to the
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(b) A negative-valued ratio from an event originating less than 2km to the southeast and also
8 kilometres deep.
Figure 3.20: Prototypical examples of (a) positive- and (b) negative-valued U̇R
U̇Z
ratios
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structural response of the parking garage.
Since the systematically out-of-phase vertical and horizontal pulses at cer-
tain stations are hypothesized to be associated with topographic effects (at least
sometimes), it is worth examining whether there is any trend of ratio with source
azimuth. Figure 3.22 presents plan views of AKSS and GODS with all earth-
quake epicentres shown as colored dots, with the color determined by the value
of automatically-picked ratios. Ratios from recordings at Akaroa School (AKSS)
tend to be higher-valued for earthquakes originating south of Christchurch city
(roughly the left side of the region shown), compared with the rest of events, most
of which originated on the east side of the city (roughly the upper-right quadrant
of the region shown). Recordings at Godley Head (GODS) show a very strong cor-
relation between ratio and epicentral location, with higher positive-valued ratios
associated with most events originating to the northwest of the station (beneath
Christchurch city) and near-zero and negative-valued ratios associated with most
events originating to the southwest of the station. This directionality corresponds
to the dominant orientation of the ridge where GODS is situated (Figure 3.19),
supporting the hypothesis that topographic effects are significant here. Figure 3.23
shows the 1-D and 2-D residuals computed for GODS. (Figures 3.20a and 3.20b
were chosen to illustrate the typical differences in motions observed from events
with epicentres to the northwest and southeast of GODS, respectively). The 2-D
approach to VS30 estimation reduces the strong directionality somewhat, though
not entirely. This would be an expected result if it is assumed that poor P -wave
method performance can be attributed to a departure from ideal (horizontal) con-
ditions in both the ground surface (observable from topography) and the basement
(observable in the NZVM, and handled by the 2-D approach).
3.9 Conclusion
The P -wave method is a simple but reasonably effective approach to estimat-
ing VS30 using weak earthquake recordings. This study evaluated the performance
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(a) Akaroa School (AKSS) (b) Godley Head (GODS)
Figure 3.22: Earthquake epicentres are shown as colored dots. Color is based on ratio.
(Map background colour is intentionally uniform to reduce difficulty in interpretation
of the plotted points.) Both AKSS and GODS show a correlation between source
azimuth and ratio.
(a) 1-D residuals (b) 2-D residuals
Figure 3.23: Earthquake epicentres for recordings at GODS, shown as colored dots.
Color is based on (a) 1-D or (b) 2-D residual. The directionality associated with
source azimuth is reduced by the 2-D approach, albeit not entirely.
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of the method at 36 strong motion stations in New Zealand where VS30 measure-
ments from surface wave testing were available. From about 12,000 records in
total, a subset of about 3,000 records were manually evaluated and processed, and
the results were compared with automated baseline-correction and pulse picking
for both one- and two-dimensional variants of the P -wave method.
Conclusions indicated that there is a tendency for overprediction of VS30 by
the method for noisy records, particularly with the 1D approach, where depth to
the major refraction point directly beneath the site is assumed representative for
all hypocentral locations. A 2D variant, where the refraction location is estimated
based on a profile extracted from 3D regional velocity models, performs better
(in terms of both accuracy and precision) than the 1D approach. There is no
substitute for manual examination of individual ground motion records, but the
automated LBC approach to computing U̇R
U̇Z
ratios performs well where many good-
quality motions are available.
A minor adjustment to the automated LBC technique from Kang et al. (2020)
(adjusting the velocity traces by subtracting a linear trend, rather than a constant,
based on the 0.5 seconds of noise preceding the automatically-picked P phase)
yielded incrementally better results (as measured by precision in time) for the
problem of automated pulse picking. The resulting VS30 estimates did not differ
in a statistically significant way from the Kang et al. (2020) approach.
When the residuals are plotted against takeoff angle, the trend corroborates
the findings of Kang et al. (2020): significant overprediction at near-vertical takeoff
angles. This has an inconsequential impact on the evaluated model performance
herein since there are relatively few earthquake recordings with very small takeoff
angles. This may be useful in forward prediction, especially for sites with few
useable records.
A collection of “best estimate” residuals was assembled for both the 1- and
2-dimensional approaches, with the median residuals from each site. These were
compared with the residuals for VS30 estimates obtained from the global slope-
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based model by Allen and Wald (2007) in order to ascertain how these two P -wave
method variants performed by comparison with a widely-used proxy-based model.
The residuals’ smoothed kernel density estimates were shown in Figure 3.10 and
their statistics summarised in Table 3.2. The results suggest that for the sites
examined in New Zealand, the 1-D P -wave method performs similarly to, or
slightly worse than, the slope-based Allen and Wald (2007) model, while the 2-D
variant outperforms the slope-based model. These results are still tentative and
limited by the range of sites that have VS30 measurements and can be used for
model validation. But given the time- and data-intensive requirements of applying
the P -wave method, for most practical applications, at present the geologic and
terrain correlations used in models such as Allen and Wald (2007) and Foster
et al. (2019) offer a more straightforward and robust strategy for estimating VS30.
These conclusions can be easily re-evaluated in the near future, as detailed site
characterisation of additional NZ strong motion stations is underway.
Some tentative investigation into the problem of discriminating between “good”
and “bad” sites (in terms of their amenability to VS30 prediction using the P -wave
method) was presented. There is a weak, and perhaps coincidental, apparent trend
between slope and site-specific residuals. Some limited insight can be gained by
taking note of the relative amounts of negative-values U̇R
U̇Z
ratios for a given site, but
this information is of little practical significance without more detailed assessment
of other known aspects of a strong motion site (such as the local terrain and ge-
ology, knowledge of noise sources and any possibility of structural or topographic
resonances).
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In Chapters 2 and 3 two distinct approaches for estimating VS30 were applied
in New Zealand. Some key insights are summarised again here with a few miscel-
laneous notes, followed by comments on some natural directions for future work
that builds on these findings.
4.1 Summary of Key Findings
Chapter 2 represents an update of the VS30 map for New Zealand that was
first developed by Perrin et al. (2015), with some significant improvements. The
new model includes explicit assumptions about the major sources of quantifiable
uncertainty and a map of this uncertainty alongside the VS30 model itself. It at-
tempts to incorporate insights from terrain-based VS30 modelling (e.g. Allen and
Wald, 2007; Yong et al., 2012) as well as the geology-based approaches that are
most commonly employed for proxy-based VS30 modelling, and applies Bayesian
methods to merge these two distinct models in a consistent way. Similarly, a
transparent geostatistical technique is used to handle geographical interpolation
and extrapolation in the vicinity of measurements, including explicitly assumed
measurement uncertainty. This reduces sharp fluctuation of the model predic-
tions over short distances, which is a problem with conventional kriging wherever
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nearby measurements disagree. Thus the novel scientific contributions in Chap-
ter 2 are the application/update for New Zealand, the rigor of the Bayesian and
multivariate normal (MVN) geostatistical approaches, the pairwise covariance re-
duction factor (CRF) to avoid overconfident extrapolation of normalised residuals
across sharp lateral discontinuities in the mapped surface geology, and the estab-
lishment of a flexible framework with which other researchers can develop new
and updated VS30 models with comparatively little effort. To this end, projects
are already underway in Brendon Bradley’s research group at the University of
Canterbury (Bae, Motha, Polak, Stolte, de la Torre, McGann, et al., personal
communication).
As is typical for VS30 the lognormal uncertainty σ increases with VS30. The
detail of the model is finer than many similar models since the terrain categories
are derived from a 100-metre sampling of the digital elevation model (DEM).
This should not be construed as implying greater accuracy than is justified by
the input data and assumptions discussed in Chapter 2. Nevertheless, the con-
tinuous closely-spaced map grid does allow for judicious visual interpretation of
the VS30 estimates including their degree of variation across distances that are
representative of the problem at hand.
Chapter 2 has been published in the journal Earthquake Spectra (Foster
et al., 2019). The journal hosts electronic versions of supplemental material—
Appendices A and C, as well as high-resolution electronic versions of the nation-
wide VS30 and σ maps. Some researchers have reported difficulty accessing the
publication and/or the electronic supplements; at the time of this writing I am
also hosting all of these materials on my personal website (Foster, 2021b).
One minor error, brought to my attention by Viktor Polak after the publi-
cation of the model, is as follows: The computed slope values in the Canterbury
Plains (and other similarly flat alluvial expanses) are slightly inaccurate because
of the details of the interpolation algorithm applied when the DEM was created
(Barringer et al., 2002; Landcare Research New Zealand, 2010). The elevation
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values in the DEM appear to have a “stair-step” quality in wide, gently-sloping
regions such as the Canterbury Plains, governed by the vertical precision of the
data sources underlying the DEM. When the spatial derivative is taken to gen-
erate slope values, this results in artifacts that are visually evident in e.g. Fig-
ure 2.3b and 2.3f as concentric bands of color running parallel to the Southern
Alps and stepping seaward from left to right in the figure. The slopes computed in
the vicinity of the “stair steps” are a function of the grid dimension. The impact
of these artifacts is not significant enough to change the geology- or terrain-based
VS30 estimates significantly. The detail escaped our (and our reviewers’) atten-
tion during preparation for publication, probably because the artifacts appear
plausibly natural, but since they are not, I mention it here.
In Chapter 3, a variation of the receiver function concept, which had until
recently (Ni et al., 2014) been used mostly by seismologists for inference about
large-scale subsurface geologic features, was applied at 36 strong motion stations
in New Zealand to estimate VS30. This application added to recent work by others
(Kim et al., 2016; Hosseini et al., 2016; Zalachoris et al., 2017; Miao et al., 2018;
Kang et al., 2020) insofar as it produced VS30 estimates at strong-motion sta-
tions based on a few simplifying assumptions and a collection of small earthquake
recordings. The resulting estimates were validated against recent high-quality
surface wave-based assessments of shear wave velocity profiles. Out of about
12,000 recorded motions, a subset of about 3,000 were selected (including both
the best available motions at each site and a wide range of signal-to-noise ra-
tios [SNR]) for careful manual examination and local baseline correction (LBC),
culling records of poor or ambiguous quality. The VS30 estimates derived from
these manually-processed records were compared against the corresponding esti-
mates from automated processing of all 12,000 records.
The results suggest that both automated and manual models yield trivial
bias for SNR above ∼ 1.6, but the precision for the estimates based on manually-
processed records is better. There is systematic overprediction for automated
estimates below SNR = 1.6. This suggests that human judgment is superior to
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the simple automated LBC applied for noisy records, and that the automated pro-
cedure yields enough erroneously high U̇R
U̇Z
ratios to induce bias in the results from
these records. Since negative ratios are inconsistent with the physical assumptions
on which the P -wave method is based, these are discarded, so it is possible this
“nudges” the noisy-record bias in only one direction. (The bias induced by retain-
ing negative ratios will be determined in large part by the approach to solving
Equation 3.1, as discussed in Appendix D). As discussed in Section 3.6.1, results
by Kang et al. (2020) also indicate a tendency for overprediction among noisy
records. Importantly, the pulse picking approach employed by Kang et al. (2020)
was also automated. In conclusion, for a method that relies heavily on the selec-
tion of a single U̇R
U̇Z
value occuring at the precise moment of the first wave arrival
for weak earthquakes, there is no substitution for careful manual examination of
ground motion records for quality, especially if relatively few, low-SNR records
are available.
The LBC approach proposed by Kang et al. (2020), which entails shifting each
velocity trace by a constant equal to the average amplitude 0.5 seconds before the
first wave arrival, was compared against a variation where a linear fit (rather than
constant) was applied. This yielded modest improvements in the automated pick
of pulse peak, although this did not give statistically significant improvements in
VS30, suggesting that this a second-order effect.
Since the New Zealand Velocity Model (NZVM) (Thomson et al., 2020) in-
cludes detailed information about alluvial basin depths, these were leveraged to
trial a novel two-dimensional variation on the P -wave method. This yielded signif-
icant benefits over the 1-D approach in terms of both precision and bias. The sys-
tematic overprediction with automated ground motion processing of noisy records
was reduced significantly, although not eliminated.
The performance of the 1-D and 2-D approaches relative to the popular global
slope-based VS30 model by Allen and Wald (2007) can be seen in the smoothed
probability density estimates and statistics presented in Figure 3.10 and Table 3.2.
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While the conclusions are still tentative owing to the relatively small collection
of 36 stations with VS30 measurements available for validation, these comparisons
indicate that the 2-D approach confers a nontrivial advantage over proxy-based
methods for estimating VS30. The 1-D approach, meanwhile can be seen as per-
forming similarly to or slightly worse than proxy-based methods. (The more
robust proxy-based model developed in Chapter 2 was not used for comparison
since it was derived using data from many of the same strong motion stations as
Chapter 3).
A tendency for overprediction at near-vertical takeoff angles was consistent
with the findings of Kang et al. (2020). This trend appears stable enough to justify
applying a correction in forward predictions, but this was not done in Chapter 3
because there are so few applicable records that the impact was not statistically
significant. Some discussion was provided regarding the possible causes of negative
U̇R
U̇Z
ratios and their physical meaning. Since one cause (at least for certain stations)
appears to be systematic phase shifts between the first vertical and radial pulses,
and since this can be caused by topographic effects, some investigations were
done examining the trends between source azimuth and ratio, and between source
azimuth and prediction residual. The source azimuth is hypothesized to correlate
with bias because of preferential direction of vibration for topographic features
with anisotropy in plan view. Although the 2-D variant of the P -wave method
does seem to promise a reduction in the bias that arises for certain stations at
certain source azimuths, it also clearly does not eliminate the issue, nor would it
be expected to. The P -wave method does not and cannot account for topographic
effects. The recommendation for forward prediction is to apply the method only at
sites where the simplified/idealised site assumptions can be considered reasonably
representative of reality.
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4.2 Future Research
There are a few avenues open for expansion of the work that has been pre-
sented in this thesis. The VS30 modelling from Chapter 2 is intended to be updated
with new data. Surface wave testing has proceeded apace since the publication of
Foster et al. (2019), led primarily by Liam Wotherspoon and Andrew Stolte. The
reduced VS profiles from recent testing can be incorporated into a new version of
the VS30 map. The predictions developed in Chapter 3 can also be added to the
next version of the map. Among these, there are also VS30 values from new surface
wave testing results (e.g., Cox and Vantassel, 2018) and/or values from older data
that were not added to the Foster et al. (2019) model for stations AKSS, LPCC,
NBLC, MGCS, LHUC, and PIPS.
Additionally, an extension of the study in Chapter 3 is planned that will
develop VS30 estimates for a number of stations where validation data are not yet
available. This has the potential (pending the quality of ground motion recordings
at each station, which will vary) to expand the number of VS30 values at strong
motion stations on the order of about 100 stations as summarised in Table 4.1.
Table 4.1: Summary of currently-available mapped sedimentary basins and number of
permanent strong motion stations within each.












In this appendix the VS30 data and/or measurements used to develop the
model in Chapter 2 are presented in tabular form. The data correspond to the
discussion in Section 2.3.2.
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Lat Lon Vs30 sigma_meas. Location ID (if present) Data source Qflag Region (QMAP quadrant)
-43.291569 172.714373 220.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.304781 172.606226 225.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.307775 172.641398 185.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.300348 172.680375 160.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.309414 172.700931 199.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.307950 172.605912 227.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.312292 172.625507 200.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.312292 172.625507 200.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.316725 172.666176 151.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.312914 172.699869 200.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.312998 172.700026 213.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.329064 172.667753 180.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.329175 172.667762 170.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.334813 172.681705 184.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.328956 172.685334 217.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.355683 172.664438 209.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.351851 172.676969 214.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.357683 172.664722 209.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.372360 172.668385 257.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.370600 172.698434 196.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.370628 172.698693 194.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.375770 172.632733 259.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.380924 172.642402 205.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.379962 172.653476 208.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.378611 172.665096 223.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.380526 172.673111 237.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.376582 172.703006 172.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.382671 172.630709 210.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.387448 172.645153 206.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.384741 172.657056 198.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.385894 172.667663 210.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.386119 172.673357 206.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.386202 172.703096 190.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.393317 172.642431 181.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.394084 172.658973 203.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.393943 172.661192 201.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.399631 172.693299 187.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.397325 172.701158 191.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.403076 172.644162 175.9 0.2 NA McGann et al. (2017) NA Christchurch
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-43.403220 172.650239 208.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.404541 172.667903 202.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.406850 172.693864 202.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.402828 172.701121 191.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.414380 172.605116 207.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.411652 172.646954 173.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.411341 172.647971 169.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.413022 172.692756 206.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.423735 172.654082 201.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.425712 172.690262 202.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.434764 172.646424 175.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.430833 172.650331 202.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.435677 172.677851 196.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.430711 172.692751 192.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.430665 172.701470 194.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.444593 172.633898 165.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.437562 172.645679 180.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.437414 172.647138 182.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.441150 172.665996 194.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.435874 172.677987 196.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.434788 172.695304 185.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.450541 172.611360 171.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.448796 172.616995 166.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.449766 172.632835 137.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.447231 172.641276 194.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.451396 172.649906 176.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.445110 172.666674 211.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.461120 172.609337 196.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.457635 172.619786 180.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.458712 172.622252 169.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.454537 172.643244 169.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.457274 172.653340 224.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.459647 172.666192 208.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.470743 172.610908 188.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.469948 172.615909 180.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.464900 172.634530 164.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.466710 172.642996 153.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.464813 172.653682 212.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.467096 172.666883 203.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.471565 172.704101 197.8 0.2 NA McGann et al. (2017) NA Christchurch
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-43.479317 172.582265 193.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.479485 172.588231 180.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.477254 172.607364 196.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.476259 172.615172 167.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.474582 172.629785 200.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.476630 172.666125 206.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.473903 172.677766 204.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.476390 172.691768 182.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.476241 172.703515 180.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.476098 172.714195 210.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.483588 172.573714 199.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.484087 172.581364 209.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.483863 172.591510 185.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.480251 172.608208 174.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.488040 172.620745 160.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.483334 172.629670 174.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.483758 172.668089 203.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.484549 172.679649 192.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.488806 172.689554 180.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.485695 172.703360 193.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.487110 172.715646 207.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.493866 172.591093 176.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.494423 172.604164 163.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.491979 172.618748 176.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.497066 172.631161 184.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.498310 172.641899 175.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.494301 172.658665 212.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.491567 172.666230 224.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.497661 172.676950 186.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.494540 172.691189 188.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.493991 172.705307 185.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.494114 172.716603 199.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.490824 172.723562 205.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.502841 172.542524 205.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.507569 172.592543 217.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.503910 172.604849 190.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.502737 172.617001 175.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.502581 172.628048 175.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.502627 172.642838 181.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.503099 172.653774 179.7 0.2 NA McGann et al. (2017) NA Christchurch
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-43.500011 172.665404 198.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.503149 172.677544 179.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.503440 172.691969 168.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.502749 172.703751 197.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.503465 172.715921 185.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.509462 172.544074 225.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.513243 172.570869 196.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.512282 172.582344 194.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.510770 172.591135 234.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.513671 172.607019 209.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.512299 172.616471 175.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.514469 172.629037 181.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.512260 172.641987 192.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.512010 172.654476 193.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.512082 172.666601 194.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.512821 172.679782 174.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.512523 172.690953 186.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.512330 172.703655 190.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.511901 172.715789 175.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.512466 172.729638 194.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.521683 172.582225 205.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.522350 172.592162 209.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.520968 172.604272 201.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.521360 172.617582 212.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.521761 172.629069 178.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.520443 172.641148 178.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.520321 172.654760 184.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.520489 172.667666 166.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.520693 172.678448 193.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.521723 172.691230 192.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.519369 172.704435 192.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.519341 172.712252 186.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.525123 172.737221 199.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.531202 172.571207 167.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.526804 172.584422 177.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.530772 172.596040 183.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.529741 172.603723 162.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.526891 172.619776 194.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.530837 172.630526 169.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.530640 172.641358 182.6 0.2 NA McGann et al. (2017) NA Christchurch
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-43.528812 172.651313 202.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.533203 172.668980 180.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.530218 172.677526 184.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.531076 172.695263 183.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.532799 172.702454 184.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.526739 172.731564 202.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.533733 172.738682 180.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.544310 172.502597 245.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.539732 172.544332 216.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.540274 172.549363 204.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.538205 172.583544 202.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.539779 172.593979 181.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.539210 172.611196 173.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.540468 172.618031 157.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.538885 172.629265 183.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.538545 172.642594 174.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.539083 172.654352 153.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.539165 172.666188 173.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.539786 172.677662 191.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.538319 172.688858 190.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.538863 172.701906 178.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.544710 172.502096 244.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.544466 172.552265 182.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.551726 172.572329 224.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.548976 172.580660 183.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.549463 172.591456 160.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.552068 172.603459 177.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.549625 172.616235 150.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.548779 172.629726 172.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.548450 172.642613 165.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.548260 172.654477 170.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.548265 172.667514 194.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.547891 172.678229 197.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.549852 172.690971 177.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.548764 172.698491 184.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.559244 172.547771 183.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.557857 172.555100 178.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.553719 172.567072 200.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.557318 172.582573 185.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.556690 172.592343 179.8 0.2 NA McGann et al. (2017) NA Christchurch
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-43.557487 172.605942 177.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.558147 172.616553 170.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.557270 172.630816 192.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.556346 172.640706 164.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.557209 172.652871 181.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.556484 172.666067 173.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.557524 172.677637 196.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.555557 172.687854 185.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.557209 172.702696 198.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.569187 172.540750 181.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.565594 172.555699 184.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.564128 172.560824 181.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.570636 172.579476 189.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.567162 172.588930 162.0 0.2 NA McGann et al. (2017) NA Christchurch
-43.565787 172.603614 155.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.566704 172.622022 174.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.565642 172.629798 240.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.567367 172.641221 156.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.563147 172.648662 198.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.562634 172.663265 164.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.561090 172.678734 192.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.564678 172.690342 164.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.561566 172.740235 174.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.579989 172.520947 232.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.573158 172.538106 193.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.575632 172.542913 201.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.576718 172.553217 190.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.574088 172.565172 177.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.574483 172.580007 169.2 0.2 NA McGann et al. (2017) NA Christchurch
-43.575894 172.599417 221.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.575894 172.599417 221.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.573523 172.616989 153.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.573153 172.645489 233.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.573153 172.645489 233.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.570315 172.690379 244.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.572092 172.696642 249.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.583968 172.516068 258.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.581773 172.536044 201.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.581087 172.545080 180.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.586459 172.551582 188.0 0.2 NA McGann et al. (2017) NA Christchurch
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-43.583632 172.569888 199.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.580922 172.578194 175.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.592978 172.474138 245.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.593107 172.544130 185.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.593935 172.553133 192.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.593076 172.568394 172.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.597231 172.603649 166.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.605821 172.560937 209.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.605821 172.560937 209.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.597374 172.603350 169.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.606127 172.561332 193.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.632886 172.558665 195.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.642823 172.501234 193.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.640001 172.556507 187.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.635842 172.561250 196.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.644176 172.499884 191.5 0.2 NA McGann et al. (2017) NA Christchurch
-43.644285 172.502127 191.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.647086 172.554949 171.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.660034 172.510553 190.7 0.2 NA McGann et al. (2017) NA Christchurch
-43.660286 172.537576 192.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.658756 172.554126 173.8 0.2 NA McGann et al. (2017) NA Christchurch
-43.668740 172.506471 196.1 0.2 NA McGann et al. (2017) NA Christchurch
-43.661920 172.532629 199.9 0.2 NA McGann et al. (2017) NA Christchurch
-43.664179 172.545009 194.3 0.2 NA McGann et al. (2017) NA Christchurch
-43.663434 172.552655 189.4 0.2 NA McGann et al. (2017) NA Christchurch
-43.674202 172.499947 195.6 0.2 NA McGann et al. (2017) NA Christchurch
-43.674103 172.500205 178.6 0.2 NA McGann et al. (2017) NA Christchurch
-39.499953 176.875497 150.0 0.2 014A Kaiser et al. (2017) Q2 Hawkes Bay
-38.666239 178.022714 138.0 0.2 017A Kaiser et al. (2017) Q2 Raukumara
-38.664039 178.024914 138.0 0.2 018A Kaiser et al. (2017) Q2 Raukumara
-39.584949 174.273465 210.0 0.2 025A Kaiser et al. (2017) Q2 Taranaki
-45.898396 170.509285 140.0 0.2 044A Kaiser et al. (2017) Q2 Dunedin
-39.033745 177.423506 155.0 0.2 096A Kaiser et al. (2017) Q2 Hawkes Bay
-41.297488 174.780964 245.0 0.2 132A Kaiser et al. (2017) Q2 Wellington
-41.234987 174.917066 350.0 0.2 249A Kaiser et al. (2017) Q2 Wellington
-39.933758 175.052973 250.0 0.2 302A Kaiser et al. (2017) Q2 Taranaki
-41.201086 174.954667 190.0 0.1 468A Kaiser et al. (2017) Q1 Wellington
-42.948319 171.566815 300.0 0.2 505A Kaiser et al. (2017) Q2 Greymouth
-41.224086 174.879366 200.0 0.2 608A Kaiser et al. (2017) Q2 Wellington
-41.234987 174.917166 350.0 0.1 642A Kaiser et al. (2017) Q1 Wellington
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-41.234087 174.917966 350.0 0.1 642E Kaiser et al. (2017) Q1 Wellington
-41.257087 174.948166 120.0 0.1 646A Kaiser et al. (2017) Q1 Wellington
-41.256287 174.947966 120.0 0.1 646B Kaiser et al. (2017) Q1 Wellington
-41.287088 174.777964 473.6 0.2 647A Kaiser et al. (2017) Q2 Wellington
-41.287518 174.776944 473.6 0.2 647D Kaiser et al. (2017) Q2 Wellington
-41.204686 174.923266 330.0 0.2 651A Kaiser et al. (2017) Q2 Wellington
-41.292088 174.778964 267.0 0.2 900B Kaiser et al. (2017) Q2 Wellington
-41.277554 174.779258 275.2 0.2 902A Kaiser et al. (2017) Q2 Wellington
-41.278787 174.778464 250.0 0.2 907A Kaiser et al. (2017) Q2 Wellington
-41.288588 174.776864 358.0 0.2 911A Kaiser et al. (2017) Q2 Wellington
-41.326289 174.808464 239.0 0.2 912A Kaiser et al. (2017) Q2 Wellington
-41.294988 174.773464 282.0 0.2 914A Kaiser et al. (2017) Q2 Wellington
-41.294688 174.774064 270.0 0.2 914C Kaiser et al. (2017) Q2 Wellington
-41.294088 174.775664 291.0 0.2 916A Kaiser et al. (2017) Q2 Wellington
-41.293588 174.776864 307.0 0.2 919A Kaiser et al. (2017) Q2 Wellington
-41.292088 174.778964 272.0 0.2 941A Kaiser et al. (2017) Q2 Wellington
-42.948949 171.567735 300.0 0.2 APPS Kaiser et al. (2017) Q2 Greymouth
-43.483176 172.530015 435.0 0.1 CACS Kaiser et al. (2017) Q1 Christchurch
-43.529347 172.619876 197.0 0.1 CBGS Kaiser et al. (2017) Q1 Christchurch
-43.538085 172.647427 182.0 0.1 CCCC Kaiser et al. (2017) Q1 Christchurch
-43.535929 172.627523 196.0 0.1 CHHC Kaiser et al. (2017) Q1 Christchurch
-43.565618 172.624176 213.0 0.1 CMHS Kaiser et al. (2017) Q1 Christchurch
-43.574748 172.623226 900.0 0.2 CRLZ Kaiser et al. (2017) Q2 Christchurch
-45.905156 170.470645 500.0 0.2 DUNS Kaiser et al. (2017) Q2 Dunedin
-38.666489 178.022674 138.0 0.2 GISS Kaiser et al. (2017) Q2 Raukumara
-39.645846 176.842906 182.0 0.2 HCDS Kaiser et al. (2017) Q2 Hawkes Bay
-43.579787 172.709423 348.0 0.1 HVSC Kaiser et al. (2017) Q1 Christchurch
-39.585139 174.274245 210.0 0.2 HWHS Kaiser et al. (2017) Q2 Taranaki
-38.083515 176.709290 220.0 0.2 KAFS Kaiser et al. (2017) Q2 Rotorua
-43.376463 172.663768 257.0 0.1 KPOC Kaiser et al. (2017) Q1 Christchurch
-41.204980 174.926600 330.0 0.2 LNBS Kaiser et al. (2017) Q2 Wellington
-41.314888 174.818435 200.0 0.1 MISS Kaiser et al. (2017) Q1 Wellington
-41.202272 174.953755 190.0 0.1 NBSS Kaiser et al. (2017) Q1 Wellington
-43.495426 172.717998 204.0 0.1 NNBS Kaiser et al. (2017) Q1 Christchurch
-41.224506 174.879436 200.0 0.2 PGMS Kaiser et al. (2017) Q2 Wellington
-43.492846 172.606916 180.0 0.1 PPHS Kaiser et al. (2017) Q1 Christchurch
-41.249020 174.934133 190.0 0.2 PRKS Kaiser et al. (2017) Q2 Wellington
-43.525813 172.682771 196.0 0.1 PRPC Kaiser et al. (2017) Q1 Christchurch
-41.224746 174.873917 190.0 0.2 PVCS Kaiser et al. (2017) Q2 Wellington
-43.521947 172.635146 155.0 0.1 REHS Kaiser et al. (2017) Q1 Christchurch
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-43.536172 172.564404 286.0 0.1 RHSC Kaiser et al. (2017) Q1 Christchurch
-41.296528 174.781154 246.0 0.1 RQGS Kaiser et al. (2017) Q1 Wellington
-43.505337 172.663391 201.0 0.1 SHLC Kaiser et al. (2017) Q1 Christchurch
-45.898626 170.509715 140.0 0.2 SKFS Kaiser et al. (2017) Q2 Dunedin
-43.467529 172.613861 219.0 0.1 SMTC Kaiser et al. (2017) Q1 Christchurch
-41.290588 174.781064 266.7 0.1 TEPS Kaiser et al. (2017) Q1 Wellington
-41.275427 174.783054 274.0 0.1 TFSS Kaiser et al. (2017) Q1 Wellington
-41.279854 174.778399 250.0 0.2 VUWS Kaiser et al. (2017) Q2 Wellington
-41.257397 174.948466 120.0 0.1 WDAS Kaiser et al. (2017) Q1 Wellington
-41.274287 174.779264 265.0 0.1 WEMS Kaiser et al. (2017) Q1 Wellington
-41.326409 174.809034 239.0 0.2 WNAS Kaiser et al. (2017) Q2 Wellington
-43.483165 172.530014 434.8 0.2 Canterbury Aero Club Wotherspoon et al. (2013) NA Christchurch
-43.529339 172.619878 196.8 0.2 Christchurch Botanical Gardens Wotherspoon et al. (2013) NA Christchurch
-43.538085 172.647427 177.0 0.2 Christchurch Cathedral College Wotherspoon et al. (2013) NA Christchurch
-43.535926 172.627520 206.0 0.2 Christchurch Hospital Wotherspoon et al. (2013) NA Christchurch
-43.565617 172.624169 204.8 0.2 Cashmere High School Wotherspoon et al. (2013) NA Christchurch
-43.501571 172.702191 207.0 0.2 Hulverstone Dr Pumping Station Wotherspoon et al. (2013) NA Christchurch
-43.579778 172.709423 352.2 0.2 Heathcote Valley School Wotherspoon et al. (2013) NA Christchurch
-43.376460 172.663760 257.0 0.2 Kaiapoi North School Wotherspoon et al. (2013) NA Christchurch
-43.495419 172.717997 211.7 0.2 North New Brighton School Wotherspoon et al. (2013) NA Christchurch
-43.492842 172.606914 187.0 0.2 Papanui High School Wotherspoon et al. (2013) NA Christchurch
-43.525803 172.682763 196.0 0.2 Pages Rd Pumping Station Wotherspoon et al. (2013) NA Christchurch
-43.521945 172.635150 154.1 0.2 Christchurch Resthaven Wotherspoon et al. (2013) NA Christchurch
-43.536172 172.564404 285.5 0.2 Riccarton High School Wotherspoon et al. (2013) NA Christchurch
-43.505335 172.663394 210.1 0.2 Shirley Library Wotherspoon et al. (2013) NA Christchurch
-43.467529 172.613861 226.0 0.2 Styx Mill Transfer Station Wotherspoon et al. (2013) NA Christchurch
-43.541640 172.655080 288.4 0.2 AMI 2 Cox et al. (2011) NA Christchurch
-43.541630 172.655100 261.3 0.2 AMI 3 Cox et al. (2011) NA Christchurch
-43.542130 172.654680 201.0 0.2 AMI 4 Cox et al. (2011) NA Christchurch
-43.542730 172.653430 194.5 0.2 AMI 5 Cox et al. (2011) NA Christchurch
-43.542420 172.652620 197.3 0.2 AMI 6 Cox et al. (2011) NA Christchurch
-43.525170 172.725120 189.7 0.2 S New Brighton Bridge Cox et al. (2011) NA Christchurch
-43.506520 172.685830 205.2 0.2 SW AVD 02 Cox et al. (2011) NA Christchurch
-43.504250 172.665450 203.6 0.2 SW 6426 Cox et al. (2011) NA Christchurch
-43.379320 172.653480 217.5 0.2 SW KAS 40 Cox et al. (2011) NA Christchurch
-43.505170 172.659220 174.0 0.2 SW 6409 / SHY09 Wood et al. (2017) NA Christchurch
-43.508520 172.687020 180.1 0.2 SW AVD 07 Wood et al. (2017) NA Christchurch
-43.498150 172.700250 177.4 0.2 SW BUR 46 Wood et al. (2017) NA Christchurch
-43.524350 172.632650 187.5 0.2 SW CBD 21 Wood et al. (2017) NA Christchurch
-43.523930 172.612170 175.0 0.2 SW FND 01 Wood et al. (2017) NA Christchurch
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-43.381320 172.666730 169.0 0.2 SW KAN 03 Wood et al. (2017) NA Christchurch
-43.383000 172.659130 205.0 0.2 SW KAN 05 Wood et al. (2017) NA Christchurch
-43.380570 172.668710 195.5 0.2 SW KAN 19 Wood et al. (2017) NA Christchurch
-43.380870 172.656880 197.0 0.2 SW KAN 26 Wood et al. (2017) NA Christchurch
-43.379350 172.648380 206.2 0.2 SW KAS 20 Wood et al. (2017) NA Christchurch
-43.528330 172.635320 176.0 0.2 SW Z2-4 Wood et al. (2017) NA Christchurch
-43.527630 172.636970 181.4 0.2 SW Z2-6 Wood et al. (2017) NA Christchurch
-43.528750 172.642270 191.7 0.2 SW Z4-4 Wood et al. (2017) NA Christchurch
-43.574740 172.623220 900.0 0.2 CRLZ van Houtte et al. (2014) NA Christchurch
-43.632534 172.624664 733.0 0.2 D14C van Houtte et al. (2014) NA Christchurch
-43.578401 172.770733 586.0 0.2 GODS van Houtte et al. (2014) NA Christchurch
-43.584671 172.725601 830.0 0.2 MTPS van Houtte et al. (2014) NA Christchurch
-43.489324 172.101112 518.0 0.2 DFHS Wotherspoon et al. (2016) NA Christchurch
-43.586840 172.089292 457.0 0.2 GDLC Wotherspoon et al. (2016) NA Christchurch
-43.538339 171.959848 531.0 0.2 HORC Wotherspoon et al. (2016) NA Christchurch
-43.592773 172.382406 447.0 0.2 ROLC Wotherspoon et al. (2016) NA Christchurch
-43.675208 172.318451 327.0 0.2 SLRC Wotherspoon et al. (2016) NA Christchurch
-43.550297 172.472808 398.0 0.2 TPLC Wotherspoon et al. (2016) NA Christchurch
-43.622602 172.468765 292.0 0.2 LINC Wotherspoon et al. (2016) NA Christchurch
-43.370714 172.495167 546.0 0.2 SWNC Wotherspoon et al. (2016) NA Christchurch
-43.750892 172.022959 452.0 0.2 RKAC Wotherspoon et al. (2016) NA Christchurch
-43.505591 172.565624 294.0 0.2 Burnside Park Cox et al. (2016) NA Christchurch
-43.566681 172.623209 222.0 0.2 Cashmere High Cox et al. (2016) NA Christchurch
-43.501391 172.647934 160.0 0.2 Christchurch Park Cox et al. (2016) NA Christchurch
-43.524599 172.648853 211.0 0.2 Fitzgerald Cox et al. (2016) NA Christchurch
-43.546876 172.674017 183.0 0.2 Garrick Park Cox et al. (2016) NA Christchurch
-43.441365 172.620876 223.0 0.2 Groynes Cox et al. (2016) NA Christchurch
-43.536962 172.616054 188.0 0.2 Hagley Park Cox et al. (2016) NA Christchurch
-43.522690 172.575867 297.0 0.2 Ilam Fields Cox et al. (2016) NA Christchurch
-43.530570 172.642643 192.0 0.2 Latimer Square Cox et al. (2016) NA Christchurch
-43.515499 172.685487 186.0 0.2 Porritt Park Cox et al. (2016) NA Christchurch
-43.492047 172.709090 202.0 0.2 QEII Park Cox et al. (2016) NA Christchurch
-43.476662 172.613207 188.0 0.2 Redwood Park Cox et al. (2016) NA Christchurch
-43.534568 172.565783 324.0 0.2 Riccarton High Fields Cox et al. (2016) NA Christchurch
119
APPENDIX A. VS30 MEASUREMENTS
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Appendix B
Mapping QMAP metadata to
geology categories
In this appendix the correspondence between simplified Ahdi et al. (2017a,b)
geology categories used in Chapter 2 and the underlying QMAP metadata is
presented. (Refer to Section 2.4.1.) As discussed in the main text, categories were
assigned by keyword searches in the text, along with iterative, careful evaluation
of the resulting classification. Although great care was taken in the classification
process, with such an enormous dataset, undoubtedly improvements are possible.
Five metadata fields from QMAP were used (SIMPLE_NAME, MAIN_ROCK,
UNIT_CODE, DESCRIPTION, MAP_UNIT). Each row in the table represents
a unique combination of these five fields, and gives the abbreviated category cor-
responding to Ahdi et al. (2017a,b) and pertinent tables and plots in the chapter,
e.g., Figure 2.5, Table 2.1, Figure 2.6.
The table can be accessed digitally at my website.
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The implementation in Gelman et al. (2014, pp. 67-69) is as follows. After
transformation to log space, the conditional posterior distribution of µ given σ is





where n is the length of the data vector, µn is the median of the distribution for
the posterior median, ȳ is mean of the data vector, and κ0 represents the number
of observations in the prior. σ is updated assuming a scaled inverse-chi-squared








ν0 and νn respectively represent the prior and posterior degrees of freedom for the
Inv-χ2 distribution, and we assume κ = ν so that κn = κ0 + n = νn = ν0 + n
become the new values of κ and ν. (These values become the new value of κ0 = ν0
for repeated applications of Bayesian updating.) The quantity
νnσ
2
n = ν0σ20 + (n− 1) s2 +
κ0n
κ0 + n
(ȳ − µ0)2 (C.3)
is the posterior sum of squares, “which combines the prior sum of squares, the
sample sum of squares, and the additional uncertainty conveyed by the difference
345
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between the sample mean and the prior mean.” (Gelman et al., 2014). Here s2
is the variance of the data vector. Dividing both sides of Equation C.3 by νn
gives the posterior variance, which in turn completes the parameterization of the
marginal posterior distribution for σ2 (Equation C.2). For our application the
posterior variance is simply chosen as the maximum likelihood or expected value
for the scaled inverse-chi-squared distribution, which is νn
νn−2σ
2
n for ν > 2.
346
Appendix D
Solving for VS: Roots, signs
The question arises how to approach handling records with negative values of
U̇R
U̇Z
in the context of automated processing. For the limiting case as U̇R
U̇Z
approaches
zero, which would occur where the basement velocity contrast is extremely sharp
(hence, soils are very soft) and/or for hypocentres directly beneath a site, U̇R is
nearly zero and would be dominated by noise. Statistically it would be expected
that 50% of observations of U̇R
U̇Z
for this special case would be less than zero. This
means that a desirable feature of the solution for VSas a function of U̇RU̇Z and p would
be continuity for U̇R
U̇Z
≈ 0. This criterion is met in the formulation for VS shown in
Equation 3.4 (Li et al., 2014). As mentioned in Section 3.2, in its derivation, this
formula incorporates the assumption that the sign of the inner radical is always
negative. A different formulation of the equation, which preserves the dual roots
by a “±”, was presented by Kim et al. (2016); Zalachoris et al. (2017); Miao et al.
(2018); Kang et al. (2020), but not discussed in detail. Whereas this detail is
inconsequential for uniformly good-quality data that has been curated manually,
it is important to consider in the context of any automated processing strategies.
Zalachoris et al. (2017) shared some of their code at the outset of this project.
In adapting it for the present study, it was evident that unrealistically high values
of VS and VS30 would result if the input U̇RU̇Z was negative. To understand the issue
better, the Zalachoris et al. (2017) implementation for solving Equation 3.1 for
347
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90 45 0 45 90







LHS = (1 2p2V2S)UR/UZ = (1 sin2j)UR/UZ
LHS (same, but UR/UZ < 0)
RHS = 2VSpcos(j) = 2sin(j)cos(j)
Figure D.1: Left- and right-hand side (LHS, RHS) of Equation 3.1 plotted for two
values of U̇R
U̇Z
of equal magnitude and opposite sign.
VS is compared against Equation 3.4.
In the Zalachoris et al. (2017) approach, each side of Equation 3.1 was mul-
tiplied by the denominator and the identity from Equation 3.3 was substituted to
obtain the left- and right-hand side expressions,
LHS = U̇R
U̇Z




RHS = 2VSp cos(j).
(D.1)
LHS and RHS are plotted with the S-wave refraction angle j as independent
variable in Figure D.1. The left hand side is plotted for two values of U̇R
U̇Z
of equal
magnitude and opposite sign. Each location where a blue (LHS) trace crosses the
red (RHS) trace is a root with a corresponding value of VS. (The functional form
is of interest, not the specific value of U̇R
U̇Z
, so the vertical axis has no scale).
In the Zalachoris et al. (2017) numerical approach, only a value of j > 0◦
that minimized the difference between LHS and RHS was allowed; consequently,
negative U̇R
U̇Z
yields values of j > 45 deg.
As is seen in Figure D.1, negative values of U̇R
U̇Z
yield one value of VS for a
(small) negative angle j and another value for a (large) positive j. Since the P -
wave method obtains the ray parameter p by assuming the arrival angle i (Figures
348
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3.1-3.4), selecting a negative j is inconsistent with rest of the problem.
The solution given by Li et al. (2014) assumes the case where 0◦ < j < 45◦
and U̇R
U̇Z
> 0. We discuss the special case of negative ratios here because it can
arise as a consequence of baseline drift in noisy records particularly if ground
motions are processed in an automated or semi-automated fashion. Even in ideal
circumstances (i.e., no appreciable baseline drift and relatively high signal-to-noise
ratio [SNR]), it is still possible to compute a negative velocity ratio for ground
motions with near-vertical incident P -wave arrivals. This happens if the arriving
P wave is near-vertical and therefore the radial component at the moment of




In their implementation of the P -wave method, Zalachoris et al. (2017) (pers.
comm.) searched for a value of j (0 < j < 90◦) that minimized the difference in
the left and right side of equation 3.1 as shown in Figure D.1. In our explorations
of automated and semiautomated pulse-picking, we observed that this approach
yields unrealistically high values of VS for U̇RU̇Z < 0, because the root for j > 45
◦ is
selected.
For manually selected motions where appropriate judgment is applied to base-
line issues, U̇R
U̇Z
> 0 and this caveat is not a concern. But records with U̇R
U̇Z
< 0
should be discarded, whether they are derived from manually or automatically-
processed ground motions. U̇R
U̇Z
> 0 is a necessary (though insufficient) indicator
of the quality of records and/or their baseline correction for all but highly unusual
sites (where the ground or subsurface stratigraphy depart significantly from the
horizontal and where the P -wave method is not applicable anyway).
349
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350
Appendix E
Electronic supplements to the
P -wave method study
The complete collection of event-station pairs used in the P -wave method
study (Chapter 3) to generate estimates of VS30 at strong motion stations is too
large to include in PDF format. Since some readers may wish to replicate elements
of this study and/or to verify computer codes for similar research, I am hosting
the event-station pairs as a text file on my website, Foster (2021a).
The file is formatted with fixed widths for readability within text editors and
can be imported by any computer program as whitespace-delimited. The first
row of the file contains column headings, and the second row gives units where
applicable. These columns are summarised here:
351
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